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a b s t r a c t

Decabromodiphenyl ether (BDE-209), as a major component of brominated flame retardants, has been
detected in the agricultural soil in considerable amount. Given that BDE-209 is toxic, ubiquitous and
persistent, BDE-209 might induce toxic effects on rice cultivars planted in contaminated soil. A
comparative study was conducted on phytotoxicities and GC-MS based antioxidant-related metabolite
levels to investigate the differences of phytotoxicities of BDE-209 to rice cultivars in Yangtze River Delta
of China. Rice seedlings were treated with BDE-209 at 0, 10, 50, 100 and 500 mg/L in a hydroponic setup.
Results showed that BDE-209-induced phytotoxicites were cultivar-dependent and that the antioxidant
defense systems in the cultivars were disturbed differently. Among the three selected cultivars (Jiayou 5,
Lianjing 7 and Yongyou 9), Jiayou 5 and Lianjing 7 displayed lower toxic effects than Yongyou 9 in terms
of the growth inhibition, lipid peroxidation and DNA damage. The increases of antioxidant enzymes were
significantly higher in Jiayou 5 and Lianjing 7 than those in Yongyou 9. Multivariate analysis of
antioxidant-related metabolites in the three cultivars indicated that L-tryptophan and L-valine were the
most important ones among 10 metabolites responsible for the separation of cultivars. The up-regulation
of L-tryptophan and L-valine were likely plant strategies to increase their tolerance. The current results
provided an insight into the development of rice cultivars with higher BDE-209 tolerance.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs), as a major class of
additive brominated flame retardants, are usefully employed in
many plastics, textiles, electronic castings and circuitry (De Wit,
2002). Due to their toxicity, ubiquity and persistence, PBDEs have
posed a serious risk on human and environmental health
(Darnerud, 2003; McDonald, 2002). Penta-, octa-, and deca-BDEs
mixtures were the major commercial brominated flame re-
tardants of PBDEs. The deca-BDEs mostly consisting of BDE-209
(>97%) account for a great proportion of the PBDE production
and consumption (Alaee et al., 2003; La Guardia et al., 2006; WHO,
1994). In China, the production of deca-BDEs in industry reached to
20, 500 metric tons in 2011, resulting in a large amount of BDE-209
dispersing in the environment (Ni et al., 2013).
by Dr. Yong Sik Ok.
ental Science, Zhejiang Uni-
Researches have shown that the widespread dispersal of PBDEs
could be detected in measurable amounts in abiotic matrices
including air, water, sediment and soil (Hites, 2004; Yang et al.,
2015; Zhao et al., 2013; Zheng et al., 2015). Specifically, PBDEs
were detected in the agricultural soil in Yangtze River Delta of
China (nd-382.0 ng/g) with BDE-209 being the dominant congener
of the total PBDEs (Sun et al., 2016). Crops in this contaminated
agricultural soil would easily absorb BDE-209 at increasing con-
centrations. Given the potential impacts of BDE-209 on crops,
extensive investigations have been conducted into the uptake,
translocation, accumulation and metabolism of BDE-209 in some
staple crops such as rice, pumpkin, maize and radish (Chow et al.,
2015; Deng et al., 2016; Huang et al., 2010; Wang et al., 2011).
However, the phytotoxicities of BDE-209 to plants have rarely been
investigated and are poorly understood.

As noted previously, BDE-209 contributes to reactive oxygen
species (ROS) increments which were regarded as an important
toxicity mechanism (Hu et al., 2007; Tseng et al., 2006). Xie et al.
(2013) suggested that BDE-209 inhibited the biomass in roots and
the pigment biosynthesis in leaves of ryegrass by inducing ROS
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generation. Meanwhile, plants under oxidative stress invoke anti-
oxidant defense system including enzymes and non-enzymatic
metabolites to scavenge ROS (Baxter et al., 2007; Singh Gill and
Tuteja, 2010). Hence, it was hypothesized that the tolerance
mechanism of plants to ROS-mediated oxidative stress could be
achieved by a ROS quenching system (Ku�zniak, 2002).

Different toxic effects of oxidative stress among plant cultivars
might be attributed to the different ROS scavenging capacities (Cho
and Seo, 2005; Quan et al., 2016). For example, Xie et al. (2014)
reported that tolerant genotype of bermuda grass accumulated
more amino and organic acids to mitigate oxidative stress. Rice, as
one of the most staple crops, sits at the base of many food chains
(Peng et al., 2009). The oxidative stress to rice at seedling stage can
affect the productivity, nutritional value and safety of food. The
phytotoxicities of oxidative stress to rice tended to vary with the
large genotypic variations (International Rice Genome Sequencing
Project, 2005).

Comparative study about the phytotoxicities of BDE-209 to
different rice cultivars was not available. Investigation into the
phytotoxicities of BDE-209 to different rice cultivars can gain
pertinent information on development of BDE-209 tolerant culti-
vars. The phytotoxicity experiments of BDE-209 were conducted to
screen the tolerant (Jiayou 5 abbreviated as JY5 and Lianjing 7
abbreviated as LJ7) and sensitive cultivars (Yongyou 9 abbreviated
as YY9) by analyzing the morphological traits, malondialdehyde
(MDA) content and phosphorylated histone H2AX (g-H2AX) con-
tent in rice seedling roots. Subsequently, the changes of
antioxidant-related enzyme activities and metabolite levels of the
selected three cultivars were compared to analyze the differences
of phytotoxicities caused by different ROS scavenging capacities.
Superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT)
activities were analyzed. And the GC-MS-based metabolic analysis
was employed to determine antioxidant-related metabolites. The
studywas expected to provide impetus for reducing the crop health
risk by planting tolerant cultivars in contaminated fields.

2. Materials and methods

2.1. Chemicals

Standard of BDE-209 was purchased from AccuStandard (New
Haven, CT, USA). The stock solution was prepared with BDE-209
dissolved in tetrahydrofuran. Deionized water (18.4MU) was used
in all of the experiments. All other solvents and reagents used were
of HPLC grade and analytical grade.

2.2. Hydroponic exposure

Ten main varieties of rice seeds (Oryza sativa L.) cultivated in
Yangtze River Delta were obtained from the Zhejiang Academy of
Agricultural Sciences (Hangzhou, China). Characteristics of rice
cultivars are detailed in the Supporting Information Table S1. The
seeds were surface-sterilized with 3% (v/v) H2O2 for 30min and
rinsed with deionized water, then soaked for 48 h. Fifty soaked
seeds were placed into individual glass Petri dishes. The stock so-
lution was serially diluted in deionized water with increasing
concentrations at 0, 10, 50, 100 and 500 mg/L. Therefore, the ob-
tained results should be considered as amechanism research rather
than a simulation of natural environment as the concentrations of
test solutions were higher than those observed in the natural
environmental fresh water (Bao et al., 2012; Yang et al., 2015).
Tetrahydrofuran content in the final test solutions was always
below 0.05% (v/v) tominimize cosolvent effects (Huang et al., 2013).
Two control treatments were designed including blank control
treatment containing deionized water and cosolvent control
treatment containing deionized water with 0.05% (v/v) tetrahy-
drofuran (Sun et al., 2013; Xu et al., 2015). The controls mentioned
in comparison with experimental parameters in the following
paragraphs referred to the blank control treatments.

10mL of each test solution was pipetted into the Petri dishes,
respectively. The seeds were allowed to incubate at 25 �C in the
dark. Ten days later, germination rates were calculated. After
germination, for each treatment, six 10-day-old rice seedlings were
relocated into a 150mL colored vitreous pot containing 120mL of
each test solution for 5 days. The test solutions were renewed every
day. Each pot was wrapped with aluminum foil and parafilm to
prevent volatilization and photolysis. The experiments were con-
ducted in a plant growth chamber with a 14 h day length, a day/
night temperatures of 26 �C/22 �C, a relative humidity at 60%, and a
light intensity of 250 mmol photonsm�2 s�1. At the termination, rice
seedlings were harvested. The root and shoot lengths and biomass
(fresh weight of six seedlings) were measured. Relative values of
morphological traits including lengths, biomass and germination
ratewere used as tolerance indices (TI) (Wilkins,1957). Hierarchical
cluster analysis using the TI was applied to screen tolerant and
sensitive cultivars for further experiments (SI Text S1).

Since roots are the first target tissues to confront with the pol-
lutants and BDE-209 is not easily translocated to the shoot, we did
the following experiments on rice roots (Huang et al., 2010). Some
of the fresh roots were used to analyze the ROS concentration and
the DNA damage. The remaining roots were immersed in liquid
nitrogen and kept at �80 �C for other parameters' detection.

2.3. Oxidative damage assay

The membrane damages in root tip cells were observed by
trypan blue staining test (Eclipse Ci, Nikon, Japan). The content of
malondialdehyde (MDA) was determined following the thio-
barbituric acid (TBA) test. The content of reactive oxygen species
(ROS) and phosphorylated histone H2AX (g-H2AX) were analyzed
with a plant ROS and plant g-H2AX enzyme-linked immunosorbent
assay (ELISA) Kit (Meimian Biotechnology Co. Ltd, China). ELISAs
were based on a colorimetric reaction determined spectrophoto-
metrically at 450 nm (SpectraMax Plus384 Microplate Reader, Mo-
lecular Devices, USA). Detailed description of the methods is
provided in the SI Text S2.

2.4. Antioxidant enzyme activities

The crude enzyme extracts for superoxide dismutase (SOD),
peroxidase (POD) and catalase (CAT) assays were prepared as fol-
lows. Fresh roots (0.1 g) were ground with liquid nitrogen and
homogenized with 4mL PBS buffer (0.05M, pH 7.8) containing 1%
(w/v) polyvinylpyrrolidone. After centrifugation at 11,200� g at
4 �C for 15min, the supernatant was collected for further analysis.

The enzyme activities of SOD and CAT were mainly based on the
protocols described by Zhang and Kirkham (1994). POD activity was
measured according to Zaharieva et al. (1999) with slight modifi-
cations (details shown in SI Text S3). All assays (MDA content and
antioxidant enzyme activities) were recorded in a UV-visible
Spectrometer (UV1800, Shimadzu, Japan) at 25 �C.

2.5. Metabolites extraction and derivatization

The metabolites in rice root samples are low molecular weight
metabolites including primary (saccharides and amino acids) and
secondary (organic acids and fatty acids) metabolites (Lisec et al.,
2006). The sample preparation protocols were previously re-
ported by Wu et al. (2017). For extraction, freeze-dried roots
(10.0mg) were homogenized using a high-throughput tissue
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homogenizer and then extracted with 1.2mL mixture of methanol,
chloroform and water (5:2:2, v/v/v) using an ultrasonic method.
Ribitol was added to the extraction solution as an internal standard
(20 mg/mL). The solution was centrifuged twice at 10, 000� g for
10min. An aliquot of the upper phase (400 mL) was transferred to a
2mL vial and then freeze-dried.

For derivatization, the sample added with 50 mL methoxamine
hydrochloride in pyridine (20mg/mL) was vortexed for 20 s and
incubated at 37 �C for 90min. Then it was further derivatized with
80 mL N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) at
37 �C for 30min.When the samples cooled to room temperature for
2 h, the GC-MS analysis was performed.

2.6. GC-MS analysis

Metabolite profiling was performed on a GC (Agilent 7890B,
USA) coupledwith a quadrupoleMS (Agilent 5977B, USA). The HP-5
MS capillary column (30 m, 0.25 mm i.d., 0.25 mm film thickness)
was used. The carrier gas (helium) flow rate was maintained at
1.0 mL/min. A 1 mL aliquot of the derivative sample was eluted in a
split mode (1:15) with the following GC oven temperature pro-
gram: held at 70 �C for 4 min; 15 �C/min to 300 �C; held for 5 min.
The dwell timewas set at 5 min. The injection port, the transfer line
and ion source temperatures were held at 290, 280 and 230 �C,
respectively. The ionization mode of electron impact (EIþ) was set
as 70 eV. The full scanmonitoring mode of m/z 33 to 600 were used
for quantitation.

The metabolites were extracted by the Mass Hunter Qualitative
Analysis software B.07.00 (Agilent, USA), then unambiguously
assigned by the NIST 14 library using retention index and mass
spectra (Wu et al., 2017). Metabolites were quantified and
normalized with the relative peak area of the internal standard
(ribitol) and fresh weight of roots prior to statistical analysis.

2.7. Statistical analysis and quality assurance/quality control

The results are presented as means± SD (standard deviation).
All experiments were performed in at least triplicates; the metab-
olite assay was performed in six replicate samples for each treat-
ment. The number of replicates used for each parameter is provided
in the corresponding figure or table. A one-way analysis of variance
(ANOVA), followed by Dunnett's multiple comparison test, was
performed using SPSS Statistics 17.0. Significant and highly signif-
icant differences were based on the probabilities of p< .05 and
p< .01, respectively. The SD of the relative values was derived from
the formula as follows:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SDtreatments � SDcontrol

p .
Vcontrol

The multivariate analysis was run based on the metabolites data
using SIMCA-P 11.5 Demo (Umetrics, Umeå, Sweden). Principal
component analysis (PCA) was applied to obtain a preliminary
overview of the separation tendency among all treatments. Partial
least-squares discriminant analysis (PLS-DA) was performed to
select the significantly different metabolites. The metabolites
which have variable importance in the projection (VIP) score with a
threshold of 1 and p value (Student's t-test) with a threshold of 0.05
were considered as significant.

3. Results

3.1. Effects of BDE-209 on seedling growth

After the culture period, the toxic effects of BDE-209 on rice
seedling growth were examined in terms of lengths and biomass of
root and shoot and germination rate at organismal level (SI
Table S2). The results indicated that BDE-209 had both
concentration-dependent and cultivar-dependent effects on seed-
ling growth.

The 100 mg/L treatment was chosen as the optimal concentra-
tion for screening tolerant and sensitive cultivars because different
cultivars demonstrated distinctively different growth perfor-
mances in 100 mg/L treatments compared with control treatments
(SI Table S3). Based on the tolerance indices at 100 mg/L, coupled
with the hierarchical cluster analysis, JY5 and LJ7 were screened as
the most tolerant cultivars, while YY9 was the most sensitive one
(Fig. 1). The three cultivars were thus chosen for in-depth analyses.

At lower concentrations of BDE-209 (10 and 50 mg/L), the root
and shoot lengths of LJ7 and JY5 were stimulated and YY9 had no
significant changes (p> .05). While at the highest concentration
(500 mg/L), the growth of all the three rice cultivars were inhibited.
The root and shoot lengths in YY9 were reduced by 19.7% and 9.9%
(% of the control), respectively, which were higher than those in JY5
(5.7% and 4.7% for root and shoot lengths, respectively) and in LJ7
(4.7% and 0.3% for root and shoot lengths, respectively). BDE-209
exposure also exerted impacts on root and shoot biomass with
the changing patterns similar to those displayed in root and shoot
lengths. In comparison, toxic effects of BDE-209, especially at
500 mg/L, are more pronounced on roots than on shoots resulting in
growth retardation and biomass reduction in all cultivars. Never-
theless, the germination rates among all the cultivars were not
strikingly affected among the wide range of 10e500 mg/L BDE-209
treatments. In addition, the seedling growth of each cultivar had no
significant differences (p> .05) in the blank control treatments
compared with cosolvent control treatments, suggesting the effect
of tetrahydrofuran on the seedling growth was negligible.
3.2. Effects of BDE-209 on lipid peroxidation and DNA damage

BDE-209 caused oxidative damage to principal macromolecules
such as lipids and DNA at molecular level in rice seedlings. Lipid
peroxidation was measured in terms of MDA content. The contents
in the three cultivars were generally enhanced as the BDE-209
concentration increased (Fig. 2a). At the same concentration, the
increases of MDA compared with each control were much higher in
YY9 than those in JY5 and LJ7. However, in YY9, MDA content at
500 mg/L was substantially lower than the content observed at
100 mg/L (p< .01).

Meanwhile, the trypan blue staining test at cellular level
revealed that BDE-209 caused visible root membrane damage at
higher concentrations in YY9 as showed by the blue color on the
root surface (SI Fig. S1).

The DNA double strand breaks in rice roots subjected to BDE-
209 were quantified by the g-H2AX foci formations whose con-
tent showed a continual increase over the tested concentration
range (Fig. 2b). Compared with the respective control, significant
increases in the g-H2AX contents were found at different concen-
trations. YY9 exhibited a significant increase from 10 mg/L upwars
(p< .05). LJ7 and JY5 displayed a significant increase from 50 mg/L
(p< .01) and 100 mg/L (p< .05) upwards, respectively. Despite no
apparent visible damage, BDE-209 exposure induced damages at
molecular level in the rice roots at lower concentrations. YY9 pre-
sented greater DNA damage comparedwith JY5 and LJ7 at the same
concentration. Taking the 500 mg/L treatment as an example, the
increase of g-H2AX content (% of control) in YY9 reached a value of
58.2% whereas in JY5 and LJ7 the increases were only 37.1% and
22.9%, which were approximately twofold lower than that in YY9.



Fig. 1. Heatmap generated by hierarchical cluster analysis of tolerance indices (TI) at 100 mg/L BDE-209 treatment of ten rice cultivars using R software.

Fig. 2. Lipid peroxidation and DNA damage in rice roots of JY5, LJ7 and YY9 exposed to BDE-209. (a) MDA content. (b) g-H2AX content. Results represent the mean ± SD of triplicates
with 6 seedlings each; Different letters above bars represent significant differences between treatments of each cultivar (p< .05, Dunnett's test).
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3.3. Effects of BDE-209 on ROS generation and antioxidative
enzyme activities

ROS are considered as the most reliable index of oxidative stress
in plants (Choudhury et al., 2017). The present study demonstrated
directly that BDE-209 exposure stimulated ROS generation in rice
roots (Fig. 3a). The ROS contents tended to increase with BDE-209
concentration increasing in the three cultivars. The increases of
ROS contents (% of control) were the highest in YY9 compared with
those in JY5 and LJ7 (SI Table S4).
BDE-209-induced ROS in rice roots could be scavenged by plants
antioxidant enzyme system which contained SOD, POD and CAT.
These enzymes in the three cultivars were differently affected by
BDE-209 (Fig. 3bed). In JY5 and LJ7, the responses of SOD in roots
were stimulated over the entire treatment range compared with
each control. The maximums of SOD activities were observed at
500 mg/L in JY5 and 100 mg/L in LJ7, being 23.9% (JY5, p< .01) and
41.9% (LJ7, p< .01) significantly higher than those of the corre-
sponding controls. However, the response in YY9 in roots presented
an “elevation-demotion” trend with the maximum, 26.3% higher



Fig. 3. ROS content and antioxidant enzymes activities in rice roots of JY5, LJ7 and YY9 exposed to BDE-209. (a) ROS content (b) SOD activity. (c) POD activity. (d) CAT activity. Results
represent the mean ± SD of triplicates with 6 seedlings each; Different letters above bars represent significant differences between treatments of each cultivar (p< .05, Dunnett's
test).
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than the control, being observed at 50 mg/L. Then from the con-
centration at 100 mg/L upwards, SOD activity in YY9 began to
reduce and a significant decline was observed at 500 mg/L
compared with the control (p< .01).

In JY5, the activity of POD showed a concentration-dependent
increase from 10 to 100 mg/L (16.1e116.5%). At the highest con-
centration (500 mg/L), POD activity tended to decrease, but it still
remained significantly higher than that of the control (36.0%,
p< .05). In LJ7, the POD activity showed no demonstrable differ-
ences from 10 to 100 mg/L but a significant increase (% of the con-
trol) at 500 mg/L (72.6%, p< .01). In YY9, POD activity also
demonstrated a concentration-dependent increase from 10 to
100 mg/L but a significant reduce at 500 mg/L compared with the
control (34.3%, p< .05).

CAT activities of the three cultivars showed increasing trends.
The highest increases of CAT activities (% of the control) in JY5, LJ7
and YY9 were 19.9%, 10.3% and 8.7%, respectively at 500 mg/L.
Compared with each control, the activities at 500 mg/L were sig-
nificant in JY5 (p< .05) but not significant in LJ7 and YY9 (p> .05).

3.4. Effects of BDE-209 on antioxidant-related metabolites

Antioxidant-related metabolites belonged to three groups
including organic acids, amino acids and some secondary metab-
olites. Total 33 antioxidant-related metabolites were identified in
rice roots of JY5, LJ7 and YY9. The information on all 33 metabolites
was recorded in SI Table S5. Under BDE-209 exposure, a majority of
metabolites showed an increasing trend in JY5 and LJ7, whereas
most metabolites had a decreasing trend compared with each
control in YY9.

The relative values of the normalized antioxidant-related
metabolite levels at different BDE-209 treatments compared with
each control were evaluated. PCA was performed to check the
similarities and differences among all the treatments of each
cultivar. PLS-DAwas performed to determine their VIPs (SI Fig. S2).
The first PCA components (PC1) could explain 31.18%, 30.27% and
42.68% of the variance and the second PCA components (PC2)
explained 18.65%, 17.02% and 14.71% in JY5, LJ7 and YY9, respec-
tively. In the PCA scores plot for each cultivar, 30 samples (six
replicate samples for each treatment) were obviously separated
into five groups according to the different BDE-209 treatments (SI
Fig. S3). In each cultivar, 500 mg/L treatment was the most distantly
separated from the control treatment, which indicated the most
significant differences between these two treatments.

Meanwhile, the correlations between antioxidant-related me-
tabolites and rice cultivars were examined. The normalized
antioxidant-related metabolite levels at the same treatment in the
three cultivars were compared. The comparative studies among the
three cultivars were respectively carried out at control and 500 mg/L
treatment because these two treatments exhibited a clearest sep-
aration over the treatment range. PCA were first performed using
the samples in all the three cultivars. From the PCA analysis (SI
Fig. S4), the three cultivars were clearly separated into three groups
at control (PC1¼46.86% and PC2¼ 25.83%) and 500 mg/L treatment
(PC1¼48.53% and PC2¼ 24.83%), respectively. A further supervised
PLS-DA analysis was performed to identify the metabolites
responsible for the separation of the three cultivars. The PLS-DA
loading plot at each treatment illustrated the discrimination of 33
metabolites and their relationship with different rice cultivars
(Fig. 4). In the loading plot, each black point symbolized a single
metabolite, while the red points symbolized the cultivars. The
distance between metabolites and cultivars symbolized the corre-
lation thatmetabolites situated near to the cultivars were positively
correlated with the cultivars, and that those situated opposite were
negatively correlated with them. At each treatment, LJ7 and JY5
showed significant differences from YY9 in the PLS1, which



Fig. 4. PLS-DA loading plot from PLS-DA analysis of antioxidant-related metabolites in
JY5, LJ7 and YY9 at each BDE-209 treatment of control and 500 mg/L (a) control
treatment. (b) 500 mg/L BDE-209 treatment. Every black point represents a kind of
metabolite. Numbers of metabolites are shown in SI Table S5. Every red point repre-
sents a cultivar which displays the overall changes of the metabolites in one cultivar.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 5. VIP scores from PLS-DA analysis and heat map of antioxidant-related metab-
olites in JY5, LJ7 and YY9 at each BDE-209 treatment of control and 500 mg/L (a) control
treatment (R2X¼ 0.727, R2Ycum¼ 0.983, Qcum2¼ 0.976). (b) 500 mg/L BDE-209
treatment (R2X¼ 0.801, R2Ycum¼ 0.989, Qcum2¼ 0.977). Metabolite levels are
normalized, compared among cultivars, and assigned color based on the value from
green to red. The sample names in the right corner are: Jiayou 5, Lianjing 7, Yongyou 9.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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suggested the significant differences between tolerant and sensi-
tive cultivars. Most metabolites were responsible for the negative
correlation of JY5 and LJ7 with YY9. Screened by VIP >1 and p< .05,
16 metabolites at control and 17 metabolites at 500 mg/L treatment
were picked out (Fig. 5). Among the 16 and 17 metabolites at the
two treatments, a total of 10 metabolites overlapped. These me-
tabolites included amino acid (L-tryptophan, L-valine, phenylala-
nine, serine), organic acid (isoferulic acid, pipecolic acid, quinic
acid, succinic acid) and fatty acid (linoleic acid, 9-octadecenoic
acid). They were responsible for the separation of cultivars at
both treatments.

Among the 10 metabolites, L-tryptophan was most positively
correlated with JY5 within the nearest distance between corre-
sponding black point and red point at each treatment. L-valine also
exhibited a positive correlation with LJ7, especially at 500 mg/L
treatment. At each treatment, the levels of L-tryptophan and L-
valine were significantly higher in JY5 and LJ7 than those in YY9 (SI
Tables S6e7). In addition, at 500 mg/L treatment, the increases of L-
tryptophan (% of each control) in JY5 (32.3%) and L-valine in LJ7
(31.3%) were greater than those in YY9 (16.9% and 27.8% for L-
tryptophan and L-valine, respectively) compared with each control.
4. Discussion

The uptake and translocation of BDE-209 was conducted in a
solution-plant system (SI Fig. S5) and BDE-209was detected in both
roots and shoots of the three cultivars, indicating that BDE-209 was
bioavailable for plants in solution. BDE-209 concentration in the
three cultivars was 3.3e4.3 mg/g at 500 mg/L treatment, which was
similar to the 2.61 mg/g BDE-209 accumulation in rice from 100mg/
kg spiked soil (Wu and Zhu, 2016). Though the bio-availabilities of
BDE-209 were different in the solution-plant and soil-plant system,
the concentrations of BDE-209 in rice were similar. Besides, the
accumulations of BDE-209 in the three cultivars were higher in
roots than those in shoots due to its high molecular weight and
hydrophobicity. Previous studies observed that BDE-209 also had
the propensity to accumulate in roots in soil-plant system (Chow
et al., 2015; Deng et al., 2016; Huang et al., 2011). The results in
this solution-plant system might be comparable to those in soil-
plant system.

In solution-plant system, the phytotoxicities of BDE-209 stress
to different rice cultivars were measured in terms of the growth
inhibition, lipid peroxidation and DNA damage. The cultivar-
dependent toxic effects indicated that JY5 and LJ7 were the
tolerant cultivars, while YY9 was the sensitive one.

To begin with, the toxic effects on the three cultivars (JY5, LJ7
and YY9) tended to vary with the changes of BDE-209 concentra-
tion at organismal levels. During the culture period, YY9 exhibited
no obvious growth inhibition at lower concentrations of BDE-209
(10 and 50 mg/L). This result was in accordance with the finding
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about the maize growth in 5e20 mg/L BDE-47 treatments reported
by Zhao et al. (2012). Nevertheless, JY5 and LJ7 displayed a stimu-
lation trend of growth. This stimulation in growth at low concen-
trations of toxicant exposure was termed as hormesis (Calabrese
and Blain, 2009). Hormesis might result from the fact that some
organic pollutants (BDE-209 in this case) could be utilized as car-
bon source (Ren et al., 2016). With concentration increasing, the
growth was inhibited in the three cultivars with the inhibition rate
being the highest in YY9. This inhibition caused by contaminant
exposure would further reduce the uptake of nutrition and affect
continuous normal activity in rice (Xu et al., 2015).

With regard to lipid peroxidation, BDE-209 triggered higher
increases of MDA content in YY9 than in JY5 and LJ7. This result
suggested that the damages to YY9 were severer than those to JY5
and LJ7 at molecular level. However, it was perplexing that a
reduced trend of MDA content in the roots of YY9 at 500 mg/L was
discovered. This abnormal decreasing trend might be ascribed to
the abundance of necrotic regions in roots and the formation of
conjugates with DNA and proteins (He et al., 2016; Monteiro et al.,
2012).

Additionally, the genotoxicity could be illustrated by the degree
of DNA damage in the three cultivars. It is well documented that
DNA strand breaks, a serious DNA lesion type, involved in chro-
mosomal instability is assessed by the g-H2AX enzyme-linked
immunosorbent assay (Xu et al., 2015). The histone variant H2AX
is rapidly phosphorylated at the sites of DNA double-strand breaks
(DSBs). This g-H2AX forming “foci” at DSBs in plants could be
induced by organic pollutants (Toyooka and Ibuki, 2006). In the
present study, the yield of g-H2AX foci suggested that BDE-209
could induce genotoxicity in rice cultivars which was the greatest
in YY9.

The different toxic effects in the three cultivars are likely to be
associated with their ROS contents (% of control) under different
BDE-209 concentrations. In the present study, ROS contents tended
to increase with BDE-209 concentration increasing in the three
cultivars. BDE-209-stimulated ROS generation in rice roots was
confirmed, as evidenced in the researches on both plants and ani-
mal cells (Hu et al., 2007; Tseng et al., 2006; Xie et al., 2013). The
higher ROS contents in YY9 indicate that sensitive seedlings
experienced greater oxidative stress from BDE-209 exposure. This
result could be elucidated by previous study that pollutant-
sensitive plants showed a higher accumulation of ROS as
compared with tolerant plants (Cho and Seo, 2005).

The ROS generation in rice cultivars initiated the antioxidant
defense system. Antioxidant enzymes including SOD, CAT, and POD
play pivotal roles in scavenging ROS. The first line of defense against
ROS is SOD, which executes the conversion of O2

�e to H2O2. In the
present study, SOD activities in the roots of JY5 and LJ7 tended to
display an increasing trend compared with the control. The higher
increase in SOD activities in the roots of JY5 and LJ7 appeared to
prove their high tolerance against BDE-209 stress. In contrast, the
SOD activity in YY9 began to reduce at 100 mg/L. The inhibition of
SOD activity at high concentrations could occur if the ROS content
was beyond the scavenging ability of itself (Gill, 2015). The actions
of POD and CATcatalyzed H2O2 which was formed by SOD to H2O or
O2. The higher increase in POD activity than that in CAT activity in
the three cultivars implied the preferred pathway to remove ROS
involved SOD and POD.

Antioxidant-related metabolites can also protect plants from
oxidative damage (Zhao et al., 2016). It is well documented that
tolerant plants under oxidative stress accumulated more
antioxidant-related metabolites which could act as reducing
equivalents to maintain redox homeostasis and combat excessive
ROS (Pidatala et al., 2016; Quan et al., 2016; Singh Gill and Tuteja,
2010; Xie et al., 2014). Elevation of organic acids (TCA cycle
intermediates) could enhance the energy-producing processes.
Fatty acid biosynthesis mediating modification of membrane
fluidity maintains an environment that is suitable for oxidative
stress (Upchurch, 2008). In the present study, the disturbance of
organic acids and fatty acids in the three cultivars correlated to crop
quality (Wang and Frei, 2011; Wu et al., 2017).

Amino acids are identified as key vehicles of stress defense and
precursors of protective aromatic secondary metabolites when
plants suffered from oxidative stress (Kim et al., 2016). Among
amino acids, L-tryptophan and L-valine play crucial roles in plants
acclimatization to stress. Sanjaya et al. (2008) presumed that an
increased level of L-tryptophan could reduce lipid peroxidation and
favor radical scavenging properties. Organic pollutants could
exhibit inhibition of acetolactate synthase which catalyze the
biosynthetic pathways and influence the biomass of plants
(Naofumi et al., 1996). L-valine as a branched-chain amino acid was
a direct intermediates in biosynthetic pathways to alleviate the
stress (Kochevenko et al., 2012). It also functioned as an antioxidant
defense by increasing the solubility of peptides in lipids and
thereby facilitating better interaction with the free radicals (Alashi
et al., 2014; Rajapakse et al., 2005). In the present study, the
comparative result of metabolites in the three cultivars indicated
that the amino acids (L-tryptophan, L-valine) were themost positive
correlated antioxidant-related metabolites with JY5 and LJ7. In
response to BDE-209 stress, the biosynthesis of L-tryptophan and L-
valine in JY5 and LJ7 was greater than that observed in YY9. The
different L-tryptophan and L-valine levels represented different ROS
stress alleviating abilities, leading to the distinction between
tolerant and sensitive cultivars.

5. Conclusion

Under BDE-209 exposure, JY5 and LJ7 exhibited lower toxic ef-
fects than YY9 concerning their growth inhibition, lipid peroxida-
tion and DNA damage. L-tryptophan and L-valine are the crucial
antioxidant-related metabolites that led to different toxic effects
of BDE-209 to rice. The higher levels of L-tryptophan and L-valine
may lead to lower toxic effects of BDE-209 to rice cultivars and
represent a tolerance mechanism. Further investigation is needed
to fully understand the resistance genes against BDE-209 to rice
cultivars.
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