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The occurrence and fate of hydroxylated polybrominated diphenyl ethers (OH-PBDEs) and
methoxylated polybrominated diphenyl ethers (MeO-PBDEs) have received significant
attention. However, there is limited information on the metabolism relationship between
OH-pentaBDEs and MeO-pentaBDEs that were frequently detected with relatively high
concentrations in the environment. In this study, the biotransformation between OH-BDE-99
and MeO-BDE-99 was investigated in rice, wheat, and soybean plants. All the three plants can
metabolize OH-BDE-99 to corresponding homologous methoxylated metabolites, while the
transformation fromMeO-BDE-99 toOH-BDE-99 could only be found in soybean. The conversion
of parent compounds was the highest in soybean, followed by wheat and rice. Transformation
products were found mainly in the roots, with few metabolites being translocated to the
shoots and solution after exposure. The results of this study provide valuable information for a
better understanding of the accumulation and transformation of OH-PBDEs and MeO-PBDEs
in different plants.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
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Introduction

Polybrominated diphenyl ethers (PBDEs) are manufactured
as brominated flame retardants (BFRs) and widely used in a
variety of consumer products (de Wit, 2002; Yang et al., 2014;
Pang et al., 2014). Over the past few decades, PBDEs have
received broad attention due to their persistence, bioaccumu-
lation and toxicity (Wu et al., 2012; Sha et al., 2015; Ma et al.,
2016). Recently, focus has transferred to structural analogs
of PBDEs, such as hydroxylated PBDEs (OH-PBDEs) and
methoxylated PBDEs (MeO-PBDEs), which have been detected
in various environmental matrices (Lacorte and Ikonomou,
2009; Malmvarn et al., 2005; Sun et al., 2013a; Ueno et al., 2008;
Wan et al., 2009).

For some viewpoint, OH-PBDEs are considered to be more
toxic than PBDEs due to their adverse effects on organisms,
including the thyroid hormone homeostasis disruption, neu-
rotoxicity, and oxidative phosphorylation disruption (Cantón
et al., 2008; Meerts et al., 2001; Mercado-Feliciano and Bigsby,
2008; Morgado et al., 2007; Van Boxtel et al., 2008; Wan et al.,
2010a). It is also reported that MeO-PBDEs have a greater effect
on mRNA abundance of steroidogenic enzymes in the H295R
cell line and could induce DNA damage in organisms (He et al.,
2008; Xu et al., 2015).

PentaBDE, a commercial PBDE mixture, was used in poly-
urethane foam, textiles, and electronic components (Hites,
2004). Although the manufacture and use of pentaBDEs were
discontinued in the United States and European Union in 2004
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(EuropeanUnionDirective, 2002/95/EC), they are still ubiquitous
in environment (Li et al., 2014; Sun et al., 2016b). The congener
2,2′,4,4′,5-pentabromodiphenyl ether (BDE-99), among others,
is a major congener in the commercial pentaBDE mixture
(La Guardia et al., 2006). The occurrence of OH-BDE-99 and
MeO-BDE-99 was observed in many environmental samples
(Nomiyama et al., 2011; Sun et al., 2013a, 2013b). They were
also identified as metabolites of BDE-99 in laboratory exposure
studies (Hakk and Letcher, 2003; Marsh et al., 2006; Teuten et al.,
2005). Recently, Sun et al. (2014) and Xu et al. (2016) had found
the interconversion of OH-tetraBDEs and MeO-tetraBDE in
young pumpkins and maize. However, the transformation
between OH-pentaBDEs and MeO-pentaBDEs was not studied,
which is necessary to gaina thorough view into PBDEsmetabolic
pathways.

Plants serve as a vital component of the terrestrial eco-
system and play an important role in the metabolism of
organic pollutants in environment (Collins et al., 2006).
Contamination by BDE-99 in crops has been reported in
numerous studies (Du et al., 2013; Mahmood et al., 2015). It
is important to explore the relationship between OH-BDE-99
and MeO-BDE-99 in crop plants. In this study, three plants,
including rice, wheat and soybean, which are the common
crops in the world, were selected as model plants. The main
objectives of this study are to (a) reveal the relationships
between OH-BDE-99 and MeO-BDE-99 by hydroponic expo-
sure; and (b) investigate the uptake and distribution of these
targeted compounds in the selected three plants.

1. Materials and methods

1.1. Chemicals

Chemical standards of two OH-PBDEs (5′-OH-BDE-99 and
6′-OH-BDE-99) and two MeO-PBDEs (5′-MeO-BDE-99 and
6′-MeO-BDE-99) were used as exposure compounds. Stan-
dards of all four exposure chemicals were >99% pure.
2,2′,4,5,5′-pentachlorobiphenyl (CB-101) and 4′-OH-CB-101
were used as surrogate standards for neutral and phenolic
chemicals, respectively. All the exposure standards and
surrogate standards were purchased from AccuStandard
(New Haven, CT, USA). Distilled water (18.2 MΩ) was used in
all the experiments. Solvents, including acetonitrile (HPLC
grade), methyl tert-butyl ether (MTBE) (HPLC grade), acetone
(pesticide grade), hexane (pesticide grade), and dichloro-
methane (DCM) (pesticide grade) were purchased from Fisher
Scientific (Pittsburgh, PA, USA). All the other chemicals
and reagents used were of analytical reagent grade or higher
purity. Anhydrous sodium sulfate (Na2SO4) was heated
for 6 hr at 660°C. Silica gel (100–200 mesh size) (Merck,
Darmstadt, Germany) was activated at 450°C for 7 hr. Acidified
silica gel was prepared by combining 70 g of activated silica
with 30 g of concentrated H2SO4.

1.2. Exposure experiment

Rice (Oryza sativa L.), wheat (Triticum aestivum L.) and soybean
(Glycine max L.) were obtained from the Chinese Academy of
Agricultural Sciences, Beijing, China. Seeds of different plants

were selected and sterilized using 3% (V/V) H2O2, and then
germinated on a bed of sterilized perlite with distilled water.
Uniform seedlings were used for exposure after growing to
approximately 10 cm in height. The exposure solutions of
each individual compoundwere obtained by first dissolving the
standard solution in acetone, and then gradually diluting with
distilled water in bottles wrappedwith aluminum foil, resulting
in an initial concentration of 20 ng/mL. The volume of acetone
in the solutions was less than 1‰ (V/V). Each reactor was
wrappedwith parafilm to prevent volatilization of the exposure
compound and then placed in a controlled environment growth
chamber at a light intensity of 250 μmol/m2/sec for 16 hr/day,
a 22 ± 2°C temperature regime and a relative humidity of 80%.
The exposure time was 7 days.

Unplanted controls (exposure compounds in the absence
of seedlings) were designed and assessed simultaneously for
each exposure chemical to monitor any possible loss. Blank
controls (seedlings in the absence of exposure compounds)
were used tomonitor possible cross-contamination (Fig. 1). All
the sampleswere prepared in triplicate in separate containers.

Roots, shoots and solutions were sampled for the subse-
quent analysis after exposure. The roots of samples were first
thoroughly rinsed with distilled water, blotted with tissue
paper, weighed at fresh weight, and then freeze-dried for
further treatment. The subsequent calculations were based
on dry weight.

1.3. Sample pretreatment and instrumental analysis

Theextraction, separation, and cleanupprocedures forOH-PBDEs
and MeO-PBDEs were adapted from previous methods (Sun
et al., 2013b). In brief, all the samples were spiked with the
surrogate standards (10 ng for each). The solution sampleswere
liquid–liquid extracted with DCM (40 mL). Solid samples (roots
and shoots) were homogenized and repeatedly extracted with
hexane/MTBE mixture (1:1; V/V) using a TissueLyser (Qiagen,
Hilden, Germany). The extract was combined and concentrated
to dryness using a rotary evaporator (Heidolph4000, Germany)
and redissolved in 30 mL of DCM. Acidified silica gel (10 g)
was added, and the mixture was shaken vigorously until the
extracts were colorless. Then, an anhydrous Na2SO4 column
was used to remove the acidified silica gel. DCM (30 mL)
was applied to elute the targeted compounds. The eluate
was concentrated under a gentle of nitrogen to dryness, and
redissolved in 200 μL of hexane. Half the extract (100 μL in
hexane) was used for subsequent analysis ofMeO-PBDEs by gas
chromatography–mass spectrometry (GC/MS). The other half
of the extract (100 μL in hexane) was solvent-exchanged to
acetonitrile for analysis ofOH-PBDEs by liquid chromatography/
tandem mass spectrometry (LC/MS/MS).

Quantification of MeO-PBDEs was carried out on a GC/MS
instrument (7890B/5977A, Agilent Technologies, Santa Clara,
CA, USA) using an electron ionization source. Selected ion
monitoring (SIM) mode was used for quantification. DB-5 MS
(J&W Scientific, Folsom, CA, USA) capillary column (30 m,
0.25 mm i.d., 0.25 μm film thickness) was employed for the
separation. The carrier helium gas was kept at a constant
flow of 1.0 mL/min. The GC temperature program was set as
follows: initial temperature 90°C and then increased to 210°C
at a rate of 10°C/min. The post run was set at 300°C, held for
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3 min. The monitored ions were m/z 595.7 and 597.8 for
both 5′-MeO-BDE-99 and 6′-MeO-BDE-99. Identification and
analysis of OH-PBDEs was performed on a LC/MS/MS in-
strument (Agilent 1260–6460). Reverse-phase separation was
achieved using a C18 column (100 mm × 2.1 mm, 2.2 μm
particle size; Thermo Fisher Scientific, Waltham, MA, USA).
The mobile phase consisting of acetonitrile (Solvent A) and
water (Solvent B) was usedwith a gradient elution of elution of
A:B from 60:40 to 75:25 in 20 min at a flow rate of 0.3 mL/min.
The column temperature was set at 40°C. Electro-spray
ionization (ESI) source in negative ion multiple-reaction
monitoring (MRM) mode was used for mass spectrometric
detection. For 5′-OH-BDE-99, the MRM transitions were
578.6 → 498.2 and 578.6 → 78.7. For 6′-OH-BDE-99, the MRM
transitions were 578.6 → 80.8 and 578.6 → 78.7.

1.4. Quality assurance and quality control

During the experiment, data quality control and assurance
measures were performed strictly. No background interference
was observed in the analysis of OH-PBDEs and MeO-PBDEs.
Average recoveries of MeO-PBDEs and OH-PBDEs in the
spiked samples were 84.1%–94.7% and 82.5%–90.4%, respective-
ly, where the relative standard deviation (RSD) was lower
than 15% (n = 3). Recoveries for the surrogate standards were
85.6%–105.4%. The concentrations were not recovery-corrected.
Five-point calibration curvesweremade to quantify the amount
of analytes in samples. The method limit of quantification
(MLQ) was determined as the quantity of analytes yielding
a peak 10 times the noise. For OH-PBDEs, MLQs were from
78 to 95 pg/L in water, and from 55 to 75 pg/g in plants. For
MeO-PBDEs, the MLQs were from 66 to 125 pg/L in water, and
from 72 to 86 pg/g in plants.

2. Result and discussion

2.1. Control group and purity determination

Previous studies have implied that an important prerequisite
for the exposure research is ensuring that exposure chemical
and media were free of impurities that could lead to false
results (Sun et al., 2013c, 2016a; Wan et al., 2010b; Zhai et al.,
2014). In this study, the purity of the four standards was
checked and no targetMeO-PBDEs or OH-PBDEswere detected.
Thus, metabolites measured in plants from the exposure

reactors originated from biotransformation of exposed parent
chemicals. Mass balance was calculated, and the mean re-
coveries of 5′-OH-BDE-99, 6′-OH-BED-99, 5′-MeO-BDE-99, and
6′-MeO-BDE-99 were 91.8%, 90.1%, 92.7% and 93.6%, respectively
for unplanted controls. No OH-PBDEs or MeO-PBDEs were
detected in blank controls, indicating that there was no
chemical cross-contamination between the reactors. The for-
mation of metabolites was not detected in unplanted controls
and blank controls, indicating that there was no chemical
transformation in the reactors. Potential photodegradation of
chemicals was eliminated by wrapping the exposure reactors
with aluminum foil and further verified by unplanted controls.

2.2. Uptake and translocation of exposure chemicals

The distributions of the four exposure chemicals in different
compartments of plants were investigated to elucidate their
translocation in plants. The majority of exposure chemicals
(over 70% of the initial amount) were accumulated by the
roots after 7 days' exposure (Fig. 2). Root concentration factors
(RCFs, calculated as the ratio of the concentrations in plant
roots to the concentrations in the exposure solutions) were
calculated to compare the uptake abilities of the three kinds of
plants. The average RCF values followed the order: soybean
(32,543 to 23,252) > wheat (20,367 to 26,228) > rice (12,835 to
21,552). The values were higher than those of MeO-tetraBDEs
and OH-tetraBDEs in pumpkin (Sun et al., 2014). A reason-
able explanation is that the Kow of OH-pentaBDEs and
MeO-pentaBDEs was higher than that of OH-tetraBDEs and
MeO-tetraBDEs, and renders it more prone to partition from
solution to roots(Chiou et al., 2001).

The concentrations of all four parent chemicals in roots of
soybeanwere slightly higher than those in roots of wheat, and
much higher than those in roots of rice. The average mass
of parent chemicals decreased gradually in the shoots and
solution, with <10% of the initial amount of parent chemical
being translocated to the shoots. The concentrations of
OH-PBDEs were 1.20–1.49, 1.03–1.47, and 1.07–1.21 times
higher than the concentrations of MeO-PBDEs in shoots of
rice, wheat and soybean, respectively. Different concentra-
tions of all four parent chemicals were observed in shoots of
different plants. The concentrations were the highest in shoot
of rice, followed by wheat and soybean. Translocation factors
(TFs) were calculated as the ratio of the concentrations in
shoots to the concentrations in roots. The average TFs were
in the following order: rice (0.139 to 0.189) > wheat (0.070 to

Fig. 1 – Scheme of exposure and control groups and sampling.
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0.077) > soybean (0.010 to 0.012). It suggested that uptake of
the four exposure chemicals was easier in soybean and wheat
than in rice. However, all the parent chemicals were more
prone to transfer from roots to shoots in rice and wheat than
those in soybean.

2.3. Methylation of OH-BDE-99

The metabolite 5′-MeO-BDE-99 was detected in different plants
after being exposed to 5′-OH-BDE-99. Likewise, the metabolite
6′-MeO-BDE-99 was detected in different plants after being
exposed to 6′-OH-BDE-99. The concentrations of MeO-PBDEs in
different compartments of three plants are showed in Fig. 2.
Among the three plants, the concentrations of MeO-PBDEs in
the roots ranged from 37.7 ng/g to 341 ng/g, which were much
higher than those in the shoots and solutions. The results
indicated that all the three plants canmetabolize 6′-OH-BDE-99
and 5′-OH-BDE-99 into homologous methoxylated metabolites
and the transformation occurred mainly in the roots. In rice
roots and wheat roots, the concentrations of 6′-MeO-BDE-99
were higher than those of 5′-MeO-BDE-99. However, in soybean
roots, the average concentrations of the two compounds
were comparable. Overall, the concentrations of MeO-BDE-99
in whole soybean were higher than those in whole rice and
wheat.

Conversion rates, from the mass of the metabolites and
that of the initial parent chemicals (M/P), are illustrated
in Table 1. The M/P values of rice and wheat exposed to

6′-OH-BDE-99 (0.72% and 0.95% respectively) were higher than
those exposed to 5′-OH-BDE-99 (0.21% and 0.36% respectively).
However, the biotransformation rate from 6′-OH-BDE-99 to
6′-MeO-BDE-99 (M/P = 0.79%) in soybeanwas comparable with
that from 5′-OH-BDE-99 to 5′-MeO-BDE-99 (M/P = 0.87%). The
difference in the metabolic profile among rice, wheat and
soybean may be the result of species difference in enzyme
expression, which remained unclear so far.

Recoveries of chemicals ranged from 84.8% to 87.9% for
the exposure reactors, which were lower than those in the
unplanted controls. These results indicate that some other
metabolites might be produced, whereas, none of them have
been identified.

2.4. Demethylation of MeO-BDE-99

Transformation from MeO-BDE-99 to their corresponding
hydroxylated metabolites was observed. Demethylation of
MeO-BDE-99 varies in different plant species, which might
due to the difference in metabolic enzyme activity and uptake
ability of different plant species (Huang et al., 2012). Of all the
plants, OH-PBDEs can only be detected in soybean after exposed
to individual chemicals for 7 days (Fig. 2). No metabolite was
detected in rice and wheat during the exposure period. The
average concentrations of 6′-OH-BDE-99 and 5′-OH-BDE-99 in
roots of soybean were 20.9 ng/g and 37.7 ng/g, respectively. No
metabolite was detected in shoots of soybean, which may
be due to the low conversion rate and their higher hydropho-
bicity. There was no OH-BDE-99 in solution, suggesting that no
hydroxylated metabolites exuded from roots into the rhizo-
sphere compartment during the experimental period. Obvious-
ly, metabolism of OH-BDE-99 is easier than that of MeO-BDE-99
in plants. This was consistent with the result obtained in
pumpkin exposure experiment, in which the methylation of
OH-tetraBDE occurred more easily than the demethylation of
MeO-tetraBDE (Sun et al., 2014). The concentration percentages
between transformation products and the initial exposure
chemicals of 6′-MeO-BDE-99 and 5′-MeO-BDE-99 in soybean
were 0.05% and 0.09%, respectively. The recoveries of parent
chemicals and metabolites ranged from 84.8% to 89.6% for the
exposure reactors.

Fig. 2 – Concentrations of the parent compounds (P) and their metabolites (M) after the in vivo exposure study.

Table 1 – Detection of metabolites after intact plants being
exposed for seven days.

Exposure
compound

Metabolites Conversion ⁎ (%)

Rice Wheat Soybean

5′-OH-BDE-99 5′-MeO-BDE-99 0.21 ± 0.10 0.36 ± 0.12 0.87 ± 0.25
5′-MeO-BDE-99 5′-OH-BDE-99 nd ⁎⁎ nd 0.09 ± 0.03
6′-OH-BDE-99 6′-MeO-BDE-99 0.72 ± 0.17 0.95 ± 0.22 0.79 ± 0.24
6′-MeO-BDE-99 6′-OH-BDE-99 nd nd 0.05 ± 0.02

⁎ Mean ± standard deviation (n = 3).
⁎⁎ Nondetectable.
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The demethylation of MeO-BDE-99 in this study is more
difficult than that of MeO-BDE-47 in the previous report (Sun
et al., 2014; Xu et al., 2016). For one hand, the number of
Br atom of MeO-BDE-99 is more than that of MeO-BDE-47. On
the other hand, the species of plant may be responsible for
the differences in demethylation. There were no OH-PBDEs
detected in any controls, implying that soybean plants play a
key role in the formation OH-PBDEs from MeO-PBDEs.

3. Conclusion

The uptake, translocation and metabolism of 5′-OH-BDE-99,
6′-OH-BDE-99, 5′-MeO-BDE-99, and 6′-MeO-BDE-99 in rice,
wheat, and soybean were observed in this study. The
accumulation concentrations of the four exposure chemicals
were higher in soybean and wheat roots than in rice roots.
However, all the parent chemicals were easier translocated
within rice and wheat than in soybean. All the three plants
can metabolize OH-BDE-99 into homologous MeO-BDE-99 and
the transformation occurred mainly in the roots. The de-
methylation of MeO-BDE-99 only occurred in the roots of
soybean, and was more difficult than the methylation of
OH-BDE-99. Overall, the largest interconversion rates were
observed in soybean, while the lowest were observed in rice.
The results of this study provide important information for
better understanding the mechanism on plant accumulation
and transformation of OH-PBDEs and MeO-PBDEs.

Acknowledgments

This work was supported by the National Basic Research
Program (973) of China (No. 2014CB441104), the National
Natural Science Foundation of China (Nos. 21520102009 and
21137003), and the Zhejiang Provincial Natural Science Foun-
dation of China (LY14B070009).

R E F E R E N C E S

Cantón, R.F., Scholten, D.E.A., Marsh, G., De Jong, P.C., Van den
Berg, M., 2008. Inhibition of human placental aromatase
activity by hydroxylated polybrominated diphenyl ethers
(OH-PBDEs). Toxicol. Appl. Pharmacol. 227, 68–75.

Chiou, C.T., Sheng, G.Y., Manes, M., 2001. A partition-limited
model for the plant uptake of organic contaminants from soil
and water. Environ. Sci. Technol. 35, 1437–1444.

Collins, C., Fryer, M., Grosso, A., 2006. Plant uptake of non-ionic
organic chemicals. Environ. Sci. Technol. 40, 45–52.

de Wit, C.A., 2002. An overview of brominated flame retardants in
the environment. Chemosphere 46, 583–624.

Du, W.C., Ji, R., Sun, Y.Y., Zhu, J.G., Wu, J.C., Guo, H.Y., 2013. Fate
and ecological effects of decabromodiphenyl ether in a field
lysimeter. Environ. Sci. Technol. 47, 9167–9174.

European Union Directive, 2002/95/EC, 2003. Directive on the
Restriction of the Use of Certain Hazardous Substances in
Electrical and Electrical Equipment (L37, 13 February)
pp. 19–23.

Hakk, H., Letcher, R.J., 2003. Metabolism in the toxicokinetics and
fate of brominated flame retardants — a review. Environ. Int.
29, 801–828.

He, Y., Murphy, M.B., Yu, R.M.K., Lam, M.H.W., Hecker, M., Giesy,
J.P., WU, R.S.S., Lam, P.K.S., 2008. Effects of 20 PBDEmetabolites
on steroidogenesis in the H295R cell line. Toxicol. Lett. 176,
230–238.

Hites, R.A., 2004. Polybrominated diphenyl ethers in the
environment and in people: ameta-analysis of concentrations.
Environ. Sci. Technol. 38, 945–956.

Huang, H.L., Zhang, S.Z., Wang, S., Lv, J.T., 2012. In vitro
biotransformation of PBDEs by root crude enzyme extracts:
potential role of nitrat reductase (NaR) and glutathione
S-transferase (GST) in their debromination. Chemosphere 90,
1885–1892.

La Guardia, M.J., Hale, R.C., Harvey, E., 2006. Detailed
polybrominated diphenyl ether (PBDE) congener composition
of the widely used penta-, octa-, and deca-PBDE technical
flame-retardant mixtures. Environ. Sci. Technol. 40, 6247–6254.

Lacorte, S., Ikonomou, M.G., 2009. Occurrence and congener
specific profiles of polybrominated diphenyl ethers and their
hydroxylated and methoxylated derivatives in breast milk
from Catalonia. Chemosphere 74, 412–420.

Li, H.J., Lan, J., Li, G.L., Zhao, Z.S., Jiang, G.B., 2014. Distribution of
polybrominated diphenyl ethers in the surface sediment of the
East China Sea. Chin. Sci. Bull. 59, 379–387.

Ma, X.D., Zhang, H.J., Yao, W.J., Guo, W., Li, D.P., Yao, Z.W., Chen,
J.P., 2016. Occurrence and bioaccumulation of polybrominated
diphenyl ethers in sediments and paddy ecosystems of Liaohe
River Basin, northeast China. J. Environ. Sci. (China) 43, 250–256.

Mahmood, A., Malik, R.N., Syed, J.H., Li, J., Zhang, G., 2015. Dietary
exposure and screening-level risk assessment of
polybrominated diphenyl ethers (PBDEs) and dechloran plus
(DP) in wheat, rice, soil and air along two tributaries of the river
Chenab, Pakistan. Chemosphere 118, 57–64.

Malmvarn, A., Marsh, G., Kautsky, L., Athanasiadou, M., Bergman,
A., Asplund, L., 2005. Hydroxylated and methoxylated
brominated diphenyl ethers in the red algae Ceramium
tenuicorne and blue mussels from the Baltic Sea. Environ.
Sci. Technol. 39, 2990–2997.

Marsh, G., Athanasiadou, M., Athanassiadis, I., Sandholm, A.,
2006. Identification of hydroxylated metabolites in
2,2′,4,4′-tetrabromodiphenyl ether exposed rats.
Chemosphere 63, 690–697.

Meerts, I.A.T.M., Letcher, R.J., Hoving, S., Mars, G., Bergman, A.,
Lemmen, J.G., van der Burg, B., Brouwer, A., 2001. In vitro
estrogenicity of polybrominated diphenyl ethers, hydroxylated
PBDEs, and polybrominated bisphenol A compounds. Environ.
Health Perspect. 109, 399–407.

Mercado-Feliciano, M., Bigsby, R.M., 2008. Hydroxylatedmetabolites
of the polybrominated diphenyl ether mixture DE-71 are weak
estrogen receptor-alpha ligands. Environ. Health Perspect. 116,
1315–1321.

Morgado, I., Hamers, T., Van der Ven, L., Power, D.M., 2007.
Disruption of thyroid hormone binding to sea bream
recombinant transthyretin by ioxinyl and polybrominated
diphenyl ethers. Chemosphere 69, 155–163.

Nomiyama, K., Eguchi, A., Mizukawa, H., Ochiai, M., Murata, S.,
Someya, M., Isobe, T., Yamada, T.K., Tanabe, S., 2011.
Anthropogenic and naturally occurring polybrominated
phenolic compounds in the blood of cetaceans stranded
along Japanese coastal waters. Environ. Pollut. 159, 3364–3373.

Pang, Z.H., Yan, M.Y., Jia, X.S., Wang, Z.X., Chen, J.Y., 2014.
Debromination of decabromodiphenyl ether by
organo-montmorillonite-supported nanoscale zero-valent
iron: preparation, characterization and influence factors.
J. Environ. Sci. (China) 26, 483–491.

Sha, J.J., Wang, Y., Lv, J.X., Wang, H., Chen, H.M., Qi, L.L., Tang, X.X.,
2015. Effect of two polybrominated diphenyl ethers (BDE-47,
BDE-209) on the swimming behavior, population growth and
reproduction of the rotifer Brachionus plicatilis. J. Environ. Sci.
(China) 28, 54–63.

201J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 4 9 ( 2 0 1 6 ) 1 9 7 – 2 0 2

http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0005
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0005
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0005
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0010
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0010
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0010
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0015
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0015
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0020
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0020
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0025
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0025
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0025
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0030
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0030
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0030
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0030
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0035
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0035
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0035
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0040
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0040
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0040
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0045
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0045
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0045
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0050
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0050
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0050
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0050
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0050
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0055
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0055
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0055
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0055
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0060
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0060
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0060
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0060
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0065
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0065
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0065
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0070
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0070
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0070
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0075
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0075
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0075
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0075
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0075
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0080
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0080
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0080
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0080
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0085
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0085
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0085
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0090
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0090
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0090
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0090
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0095
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0095
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0095
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0095
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0100
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0100
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0100
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0105
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0105
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0105
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0110
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0110
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0110
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0110
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0115
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0115
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0115
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0115


Sun, J.T., Liu, J.Y., Liu, Y.W., Jiang, G.B., 2013a. Hydroxylated and
methoxylated polybrominated diphenyl ethers in mollusks
from Chinese coastal areas. Chemosphere 92, 322–328.

Sun, J.T., Liu, J.Y., Liu, Y.W., Jiang, G.B., 2013b. Levels and
distribution of methoxylated and hydroxylated
polybrominated diphenyl ethers in plant and soil samples
surrounding a seafood processing factory and a seafood
market. Environ. Pollut. 176, 100–105.

Sun, J.T., Liu, J.Y., Miao, Y., Wang, C., Sun, Y.Z., Zhang, A.G., Wang,
T., Lei, Z., Jiang, G.B., 2013c. In vivo metabolism of
2,2′,4,4′-tetrabromodiphenyl ether (BDE-47) in young whole
pumpkin plant. Environ. Sci. Technol. 47, 3701–3707.

Sun, J.T., Liu, J.Y., Liu, Y.W., Yu, M., Jiang, G.B., 2014. Reciprocal
transformation between hydroxylated and methoxylated
polybrominated diphenyl ethers in young pumpkin plants.
Environ. Sci. Technol. 1, 236–241.

Sun, J.T., Pan, L.L., Su, Z.Z., Zhan, Y., Zhu, L.Z., 2016a.
Interconversion between methoxylated and hydroxylated
polychlorinated biphenyls in rice plants: an important but
overlooked metabolic pathway. Environ. Sci. Technol. 50,
3668–3675.

Sun, J.T., Pan, L.L., Zhan, Y., Lu, H.N., Tsang, D.C.W., Liu, W.X.,
Wang, X.L., Li, X.D., Zhu, L.Z., 2016b. Contamination of
phthalate esters, organochlorine pesticides and
polybrominated diphenyl ethers in agricultural soils from the
Yangtze River Delta of China. Sci. Total Environ. 544, 670–676.

Teuten, E.L., Xu, L., Reddy, C.M., 2005. Two abundant
bioaccumulated halogenated compounds are natural
products. Science 307, 917–920.

Ueno, D., Darling, C., Alaee, M., Pacepavicius, G., Teixeira, C.,
Campbell, L., Letcher, R.J., Bergman, A., Marsh, G., Muir, D., 2008.
Hydroxylated polybrominated diphenyl ethers (OH-PBDEs) in
the abiotic environment: surface water and precipitation from
Ontario, Canada. Environ. Sci. Technol. 42, 1657–1664.

Van Boxtel, A.L., Kamstra, J.H., Cenijn, P.H., Pieterse, B., Wagner,
M.J., Antink, M., Krab, K., Van Der Burg, B., Marsh, G., Brouwer,
A., Legler, J., 2008. Microarray analysis reveals a mechanism of
phenolic polybrominated diphenylether toxicity in zebrafish.
Environ. Sci. Technol. 42, 1773–1779.

Wan, Y., Wiseman, S., Chang, H., Zhang, X.W., Jones, P.D., Hecker,
M., Kannan, K., Tanable, S., Hu, J.Y., Lam, M.H.W., Giesy, J.P.,
2009. Origin of hydroxylated brominated diphenyl ethers:
natural compounds or man-made flame retartdants? Environ.
Sci. Technol. 43, 7536–7542.

Wan, Y., Choi, K., Kim, S., Ji, K., Chang, H., Wiseman, S., Jones, P.D.,
Chang, H., Wiseman, S., Jones, P.D., Khim, J.S., Park, S., Park, J.,
Lam, M.H.W., Giesy, J.P., 2010a. Hydroxylated polybrominated
diphenyl ethers and bisphenol A in pregnant women and their
matching fetuses: placental transfer and potential risks.
Environ. Sci. Technol. 44, 5233–5239.

Wan, Y., Liu, F.Y., Wiseman, S., Zhang, X.W., Chang, H., Hecker,
M., Jones, P.D., Lam, M.H.W., Giesy, J.P., 2010b. Interconversion
of hydroxylated and methoxylated polybrominated diphenyl
ethers in Japanese medaka. Environ. Sci. Technol. 44,
8729–8735.

Wu, J.P., Zhang, Y., Luo, X.J., She, Y.Z., Yu, L.H., Chen, S.J., Mai, B.X.,
2012. A review of polybrominated diphenyl ethers and
alternative brominated flame retardants in wildlife from
China: levels, trends, and bioaccumulation characteristic.
J. Environ. Sci. 24, 183–194.

Xu, X.H., Huang, H.L., Wen, B., Wang, S., Zhang, S.Z., 2015.
Phytotoxicity of brominated diphenyl ether-47 (BDE-47) and its
hydoxylated and methoxylated analogues (6-OH-BDE-47 and
6-MeO-BDE-47) to maize (Zea mays L.). Chem. Res. Toxicol. 28,
510–517.

Xu, X.H., Wen, B., Huang, H.L., Wang, S., Han, R.X., Zhang, S.Z.,
2016. Uptake, translocation and biotransformation kinetics of
BDE-47, 6-OH-BDE-47 and 6-MeO-BDE-47 in maize (Zea mays
L.). Environ. Pollut. 208, 714–722.

Yang, W.J., Fu, J.J., Wang, T., Liu, H.X., Wang, Y.W., Zhou, Q.F.,
Jiang, G.B., 2014. Alterations of endogenous metabolites
in urine of rats exposed decabromodiphenyl ether using
metabonomic approaches. J. Environ. Sci. (China) 26,
900–908.

Zhai, G.S., Gutowski, S.M., Lehmler, H.J., Schnoor, J.L., 2014.
Enantioselective transport and biotransformation of chiral
hydroxylated metabolites of polychlorinated biphenyls in
whole poplar plants. Environ. Sci. Technol. 48, 12213–12220.

202 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 4 9 ( 2 0 1 6 ) 1 9 7 – 2 0 2

http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0120
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0120
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0120
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0125
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0125
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0125
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0125
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0125
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0130
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0130
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0130
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0135
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0135
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0135
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0135
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0140
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0140
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0140
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0140
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0145
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0145
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0145
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0145
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0150
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0150
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0150
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0155
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0155
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0155
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0160
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0160
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0160
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0165
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0165
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0165
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0170
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0170
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0170
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0170
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0175
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0175
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0175
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0175
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0180
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0180
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0180
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0180
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0185
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0185
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0185
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0185
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0190
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0190
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0190
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0195
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0195
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0195
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0195
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0200
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0200
http://refhub.elsevier.com/S1001-0742(16)30232-7/rf0200

