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Due to close proximity to urban development, mangroves exposed to the

con tamina t ion o f po l yb romina ted d ipheny l e the r s (PBDEs ) .

Decabromodiphenyl ether (BDE-209) is one of the most predominant PBDE

congener. The present study aimed to investigate the toxic effects of BDE-209

on the antioxidative and non-antioxidative responses of Kandelia obovata, a

very common mangrove species, under different concentrations of BDE-209,

0.1, 1, 5 and 10 mg l-1. BDE-209 did not exhibit any negative effects on the

growth of K. obovata seedlings. The stimulatory effects of BDE-209 on the

enzymes including superoxide dismutase, peroxidase and catalase only

occurred in weeks 1 and 4 and diminished in week 8. The concentrations of

total polyphenols (TP) and extractable condensed tannins (ECT) were not

affected by BDE-209. The production of O2·
- was induced only at the very

high level of BDE-209 (10 mg l-1). H2O2 was induced only in weeks 1 and 4

under BDE-209 treatment. BDE-209 was taken up by the roots of K. obovata,

translocated to above-ground tissues, and accumulated in plant tissues with

the concentrations declined in the order of root > propagule > stem > leaf.

Although BDE-209 has higher molecular weight and higher log Kow than other

PBDE congeners, the K. obovata seedlings could absorb, translocate and

accumulate BDE-209. These findings suggested that mangrove plants could

take up, accumulate PBDEs, and BDE-209 are less toxic than other congeners

but more difficult to be removed by mangrove systems.
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Introduction

Polybrominated diphenyl ethers (PBDEs) are manufactured

as additive brominated flame retardants and widely distributed

in the environment (Alaee et al., 2003; Portet-Koltalo et al.,

2021). Mangroves often receive anthropogenic contamination as

they are usually convenient discharge sites for waste and

wastewater (Qiu et al., 2010; Ouyang and Guo, 2016), and

PBDEs have been recorded in mangrove sediments (Binelli

et al., 2007; Qiu et al., 2010). The problems of PBDE

contamination in mangroves and their harmful effects on our

environment cannot be ignored.

PBDEs pose oxidative stresses to organisms by over-production

of reactive oxygen species (ROS), which might lead to poor growth

or even death (Zezza et al., 2019). However, few studies reported the

effects of PBDEs on plants and their antioxidative responses. Huang

et al. (2013) found that PBDEs could increase the activities of nitro-

reductase and glutathione-transferase in roots of ryegrass, pumpkin

and maize. Our previous study (Wang et al., 2014a) showed BDE-

47 posed significantly effects of the activities of three antioxidative

enzymes, superoxide dismutase (SOD), peroxidase (POD) and

catalase (CAT) of two mangrove plant species, Kandelia obovata

(K. obovata) and Avicennia marina (A. marina). Knowledge on the

role of antioxidative enzymes in mangrove plants to remove excess

ROS produced by PBDE contamination is limited. Not only

enzymatic antioxidants, non-enzymatic antioxidants in mangrove

plants, such as tannins were commonly found and related to their

tolerance (Huang et al., 2010a). Whether the non-enzymatic

antioxidative defense system of mangrove plants could be

induced to combat the oxidative stress posed by PBDE

contamination has rarely been reported. Only Zhou et al. (2019)

in our group reported the implication of tannin changes in two

mangrove plants, K. obovata and Bruguiera gymnorhiza under

PBDE contamination.

It is also important to understand the fate of PBDEs in the

environment, particularly, bioaccumulation, transformation and

elimination, as these are useful information in determining how

the burdens and associated health risks of PBDEs change over

time (Mueller et al., 2006). The predominant congeners of

PBDEs in environmental samples, such as air, sewage sludge,

soil and sediment, were BDE-209 and BDE-47 (Ramu et al.,

2005; Li et al., 2009; Jin et al., 2010). The most dominant

congener in many sediment samples was BDE-209, followed

by BDE-47, BDE-99 and BDE-100 (Mai et al., 2005; Luo et al.,

2007; Wang et al., 2007; Chen et al., 2009; Sun et al., 2013a). The

accumulation of BDE-209 and BDE-47 in sediment could be due

to the more extensive uses and the global BFRs consumption

pattern of these commercial PBDE products (Wang et al., 2007).

The former is the main component of a commercial product

deca-BDEs, while the latter is the main component of another

commercial product penta-BDEs, according to the file of US

Environmental Protection Agency (EPA).
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Therefore, attention should be paid to the toxic effects of

BDE-209 and -47, and we reported the effects of BDE-47 on two

mangrove plant species, K. obovata and A. marina (Wang and

Tam, 2013; Wang et al., 2014a). Here we aimed to study the

effects of BDE-209 on the growth of the seedlings of K. obovata

during an eight-week hydroponic culture, and compare with

BDE-47 (Wang et al., 2014a). In the present study, the

hydroponic was used instead of soil culture, since the latter

might reduce the toxicity and bioavailability of PBDEs (Mueller

et al., 2006). It is also common to use a hydroponic culture to

examine the direct toxicity of persistent organic pollutants (Liu

and Schnoor, 2008; Wang et al., 2012). K. obovata, belonging to

Rhizophoraceae family, is a very common mangrove species

distributed along the coastlines of East-Pacific Archipelagos and

Asia. It also can be found in all mangrove associations in south

China. Therefore, K. obovata is chosen as a model mangrove

plant in the present study.
Materials and methods

Chemicals

Spiked BDE-209 was purchased from Dr. Ehrenstorfer

(Germany) (purity > 99%). The analytical reagent (AR) grade

Tween 20 and butanol were obtained from Sigma. Enzyme kits

for SOD, POD and CAT measurements were purchased from

Nanjing Jiancheng Bioengineering Institute, China. All

chemicals and reagents were of analytical reagent grades.

Deionized water was used throughout the experiment.
Experiment setup and sampling

One year old K. obovata seedlings were collected (the

details have been listed in SI 2.1) and treated with four

contamination levels of BDE-209 were 0.1 (low, L), 1

(medium, M), 5 (high, H) and 10 (very high, VH) mg l-1.

Preliminary experiments showed that 0.5% of Tween 20

were sufficient to dissolve the highest contamination level

used in this experiment for BDE-209, and the recovery

percentages of 10 mg l-1 BDE-209 was 78.1%. Positive

control with nutrient solution and solvent control with

nutrient solution plus 0.5% Tween 20 for BDE-209 were

prepared in the same way as the treatments but without

BDE-209. The sampling days were at the end of weeks 1, 4

and 8.
Plant growth

The dry weight and Chlorophyll a (Chl a) and chlorophyll b

(Chl b) were measured, and the details have been listed in SI 2.2.
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Determination of antioxidative enzymes

The fresh samples of roots and leaves were used to assay the

activities of different antioxidative enzymes (SOD, POD and

CAT), and the details have been listed in SI 2.3.
Determination of malondialdehyde
(MDA)

Malondialdehyde (MDA) is a final decomposition product

of lipid peroxidation and has been used as an index for the status

of lipid peroxidation. The details of MDA measurement have

been listed in SI 2.4.
Determination of ROS production (O2·
-

and H2O2)

The fresh samples of roots and leaves were used to determine

ROS production, that is, superoxide radical (O2·
-) and hydrogen

peroxide (H2O2). They were measured, and the details have been

listed in SI 2.5.
Determination of tannins and
related polyphenols

Total polyphenols (TP) and extractable condensed tannins

(ECT) were measured, and the details have been listed in SI 2.6.
Determination of uptake, translocation
and debromination of BDE-209

Extraction of BDE-209 in plant samples was performed by

accelerated solvent extraction (ASE) purchased from Dionex

(USA) according to the method described by our previous work

Zhu et al. (2014a); Zhu et al. (2014b) with some modifications. In

brief, 0.1 g freeze-dried plant sample was spiked with 10 µl PCB-

209 in acetone (10 µg ml-1) as a surrogate standard. The sample

mixture was then loaded into the ASE cell fitted with an ASE

filter. Two cycles of plant sample extraction were performed

using n-hexane as the solvent at a pressure of 1500 psi and

temperature of 100 °C, each with a static time of five minutes.

The extract was reduced to 1 ml by slow rotary evaporation. All

the concentrated extracts were cleaned on a 10 mm i.d. florisil

column (5 g, pre-washed by actone), eluted with 20 ml of n-

hexane and concentrated to 1 ml prior to gas chromatography-

mass spectrometry (GC-MS) analysis. The BDE-209 remained in

the hydroponic culture solution was extracted three times by

liquid-liquid extraction, using 10 ml of hexane as the solvent and
Frontiers in Marine Science 03
10 ml of PCB-209 (10 µg ml-1) as the surrogate standard, each at

15 minutes. The extract was concentrated by rotary evaporation

to an accurate 1 ml for GC-MS analysis.

GC-MS 6890N/5975 of Agilent Technologies (Palo Alto, CA,

USA) equipped with an Agilent 7638B series auto-injector

Agilent Technologies and a capillary column (DB-5HT,

crosslined 5% phenyl methyl siloxane, 15 m × 0.25 mm, 0.1

mm film thickness) was used to determine the concentration of

BDE-209 in the extract. Helium and methane (Hong Kong

Oxygen & Acetylene Co., Ltd) with a purity of 99.999% were

used as carrier gases with a flow rate of 1.5 ml min-1. GC

conditions were as follows: The column was coupled directly to

the mass, and the flow rate for the helium carrier gas was 1.5 ml

min-1. The injector temperature was 240°C. 2 ml of sample was

injected in the splitless mode. The purge flow rate was 50 ml

min-1. The temperature was programmed from 150°C (held

isothermal for two minutes) to 300°C at a rate of 6°C/min, held

isothermal for three minutes. MS condition: The Negative

Chemical Ionization (NCI) source was used, and the

temperature of both ion source and interface was 250°C. The

mass selective detector (MSD) was operated in a selected ion

monitoring (SIM) mode. The quantitative ions m/z 79, 81, 487

and 489 were selected for the detection of BDE-209, while ions

m/z 464, 498 and 500 were used to monitor PCB-209. Solvent

delay time was three minutes. The standard curves were made

every time before and after the samples were run.

The limits of detection (LOD) of BDE-209, defined as a signal of

three times the noise level, in roots, propagules, stems and leaves ofK.

obovata, were 0.680, 0.701, 0.683 and 0.695 ng g-1. In hydroponic

culture solution, the LOD values of BDE-209 were 0.820 µg l-1. For

the quality control, amatrix-spike recovery test was used to determine

the recovery of the method. In brief, 0.1 grams of the freeze-dried

mangrove plant sample cultured in the green house without PBDE

spike was spiked with the mixed standard of 1 µg ml-1 BDE-209 and

0.1 µg ml-1 PCB-209. The same plant sample, but without PBDE

spike, was used as the blank. The hydroponic culture solution was

also spiked with the same concentration of BDE-209 and PCB-209 as

mentioned above, while the solution without PBDE spike was used as

the blank. The recoveries (n = 6) of BDE-209 and PCB-209 in plant

tissues and hydroponic culture solution were in the range of 70.1 to

89.3 and 94.3 to 102.0%, respectively. Most of the recovery

percentages were close to 90%, so the reported concentrations were

not corrected by the surrogate recovery rate obtained from thematrix

spiked test.
Statistical analyses

Mean and standard deviation of the three replicates for each

treatment or control at each sampling time were calculated. A

parametric two-way analysis of variance (ANOVA) followed by

a Tukey’s multiple comparison test were performed to test any
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significant differences in the dependent variables (i.e., biomass,

Chl a, Chl b, SOD, POD, CAT, MDA, O2·
-, H2O2, TP and ECT)

with BDE-209 treatments and sampling times as the two fixed

factors. If interactions between these two factors were significant

at p ≤ 0.05, the differences among BDE-209 treatments at the

same sampling time were compared by a parametric one-way

ANOVA. Data were tested for the normality and homogeneity of

variance assumption of the parametric ANOVA test, and no

transformation was needed. All statistical analyses were done by

a Statistical Package for Social Science (SPSS Version 16.0), USA.
Results

Effects of BDE-209 on K. obovata

Growth
All treatment groups with different concentrations of BDE-209

in this experiment had no significant differences were observed for

all growth parameters of K. obovata during the 8-week experiment,

indicating that the growth of K. obovata seedlings may not be

affected by BDE-209 contamination. The dry weight of root,

propagule, stem and leaf of all treatments and the controls were

comparable, ranging from 0.92-1.03, 6.41-6.99, 0.67-0.85 and 0.89-

1.13 g, respectively. Similarly, the leaf number, ranging from 4-6,

Chl a, b, a+b and a/b of the leaves in the ranges of 0.85-1.23, 0.30-

0.52, 1.22-1.80 mg g-1 and 2.41-3.29, respectively, were not

significantly different among all samples (Table 1).

Antioxidative enzymes
The effects of BDE-209 on SOD were only observed under 10

mg l-1 BDE-209 in the root and leaf samples at weeks 1 and 4

(Figure S1). POD activities in both root and leaf samples at

weeks 1 and 4 were significantly enhanced by BDE-209

contamination, even at 0.1 mg l-1 BDE-209 (Figure S1), but

no effects were found on POD in week 8 (Figure S1). Similarly,

CAT activity increased according to the levels of BDE-209 in

weeks 1 and 4 but BDE-209 had no effects on CAT in week 8

(Figure S1). The two-way ANOVA statistical analyses showed

that the effects of BDE-209 treatments, sampling times and

interaction on SOD, POD and CAT activities were all

significant at p ≤ 0.001, suggesting that the enzymatic

responses were both time- and BDE-209 level-specific

(Table 1). The enzymatic responses of roots to BDE-209 were

comparable to that of leaves.

MDA
MDA contents in roots and leaves showed little changes

during the experiment and were not affected by the

contamination levels of BDE-209. The MDA content in roots

and leaves in all samples ranged from 10.7-11.8 and 5.2-5.5 nmol

g-1 FW, respectively.
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ROS production
The responses of the O2·

- release and H2O2 content of roots

to BDE-209 treatments were comparable to those of leaves

(Figure S2). Only the very high level of BDE-209 (10 mg l-1)

caused significant increases in O2·
- release in roots and leaves in

weeks 1 and 4, but dropped to the same level as the control in

week 8 (Figure S2). This pattern was similar to that of SOD

activity (Figure S1). The content of H2O2 in both roots and

leaves of K. obovata seedlings increased with the contamination

levels of BDE-209 during the first four weeks, but BDE-209 did

not have any significant effects in week 8 (Figure S2). Such trend

was more or less the same as that of POD and CAT activities

(Figure S1). BDE-209 treatments could stimulate the production

of ROS in both leaves and roots of K. obovata seedlings, but the

seedlings could recover from the oxidative stress of BDE-209

with the ROS levels returned to the control level in week 8. This

implied that the excess ROS induced by BDE-209 might have

been scavenged by the antioxidative defense system of K.

obovata or the seedlings might have adapted to BDE-209 as

the experiment progressed. Such short-term effect of BDE-209
TABLE 1 F-values of two-way ANOVA tests showing the effects of
sampling times and BDE-209 treatments on different parameters in
roots and leaves of K. obovata (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤

0.001; NS: Not significant; df: Degree of freedom).

Sources of
variations

Parameters

Sampling
times
(df = 2)

BDE-209
treatments
(df = 5)

Sampling times
× BDE-209
treatments
(df = 10)

Dry weight of root 2.60* 1.80NS 0.30NS

Dry weight of
propagule

28.9*** 0.70NS 0.40NS

Dry weight of stem 4.10* 1.60NS 1.50NS

Dry weight of leaf 39.1*** 0.80NS 0.80NS

Dry weight of total
biomass

54.3*** 0.70NS 0.40NS

Leaf number 32.8*** 0.80NS 0.50NS

Chl a 0.60NS 2.00NS 0.50NS

Chl b 0.30NS 1.50NS 0.30NS

Chl a+ Chl b 0.60NS 2.00NS 0.40NS

Chl a/Chl b 0.30NS 1.30NS 0.60NS

SOD in root 146*** 208** 121***

SOD in leaf 52.3*** 129*** 44.6**

POD in root 99.6*** 68.6*** 19.1***

POD in leaf 182*** 88.1** 22.6***

CAT in root 29.0*** 62.1** 12.7***

CAT in leaf 109.0*** 110** 16.6***

MDA in root 0.80NS 0.90NS 0.50NS

MDA in leaf 0.30NS 0.20NS 0.50NS

O2·
- release in root 1.20NS 15.4** 2.90**

O2·
- release in leaf 1.30NS 15.4** 1.80NS

H2O2 in root 5.40** 10.4*** 1.50NS

H2O2 in leaf 29.3*** 13.9** 3.50***
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on the production of ROS in K. obovata seedlings was different

from that of BDE-47 (Wang et al., 2014a), which enhanced the

production of ROS throughout the entire study period.

The correlation coefficients among antioxidative enzymes

(SOD, POD and CAT), MDA and ROS production (O2·
- release

and H2O2) in the roots and leaves of K. obovata under BDE-209

exposure are summarized in Table S1. All three antioxidative

enzymes were significantly correlated with each other,

suggesting that they functioned together to counter-balance

the harmful effects caused by ROS under BDE-209 treatments.

The correlation coefficient values were comparable between the

roots and leaves in K. obovata under BDE-209 exposure,

implying that the two tissues had similar antioxidative enzyme

responses to BDE-209.

Tannins and related polyphenols
Figure S3 showed that BDE-209 at 10 mg l-1 did not have

any significant effects on TP and ECT contents during the 8-

week experiment.

BDE-209 remained in hydroponic culture
solution and accumulated in tissues of
K. obovata

The residual concentrations of BDE-209 in the hydroponic

culture solution did not have any significant changes with

sampling time (Figure 1 and Table S2). This trend was

different from that of BDE-47, which decreased significantly

with sampling time under the two highest contamination levels,

5 and 10 mg l-1 BDE-47 (Wang et al., 2014b). The concentrations

of BDE-209 remained in the hydroponic culture solution at the

end of the experiment were significantly higher than that of

BDE-47. Compared with the tissue concentrations of BDE-47,
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the concentrations of BDE-209 accumulated in the plant tissues

of K. obovata were significantly lower (Wang et al., 2014b), even

though the plant concentrations of BDE-209 increased

significantly with time and contamination levels according to

one-way ANOVA at p ≤ 0.05 (Table S2). Among plant tissues,

the concentration of BDE-209 in root was much higher than that

in propagule, followed by stem, and leaf had the least

uptake (Figure 2).

The mass balance calculation of BDE-209 during the 8-week

experiment showed that the residual BDE-209 remained in the

hydroponic culture solution varied from 81.1 to 91.3% of the

total inputs (Table 2), which were significantly higher than those

of BDE-47 (11.5 to 27.7%) (Wang et al., 2014b). The amounts of

BDE-209 remained in the hydroponic culture solution

continuously increased from weeks 1 to 8 according to one-

way ANOVA at p ≤ 0.05. The amounts of BDE-209 accumulated

in plants increased significantly with contamination levels, and

also from weeks 1 to 4, but no further increase thereafter

according to one-way ANOVA at p ≤ 0.05 (Table 2). These

results suggested that the plant uptake of BDE-209 might

become slower as the experiment progressed. The total uptake

of BDE-209 in plant tissues of K. obovata ranging from 2.70 to

14.9% (Table 2), as well as the net losses of BDE-209 (0.40 -

11.3%) were significantly lower than those of BDE-47 (Wang

et al., 2014b) according to Student t-test at p ≤ 0.05 level. These

findings indicated that the uptake and transformation of BDE-

209 by K. obovata seedlings were less than that of BDE-47 under

hydroponic culture. The losses of BDE-209 increased with time

like those of BDE-47 but became relatively stable from week 4

onwards. Same as BDE-47, no new peaks with less bromine

atoms were found in different tissues of K. obovata and in the

hydroponic culture solution according to the GC-MS total ion
FIGURE 1

Concentrations of BDE-209 (mg l-1) remained in hydroponic culture solution under different contamination levels of BDE-209 (L: 0.1 mg l-1

BDE-209, M: 1 mg l-1 BDE-209, H: 5 mg l-1 BDE-209, VH: 10 mg l-1 BDE-209; NS: No significant difference among sampling times under the
same treatment at p > 0.05 according to one-way ANOVA; Mean and standard deviation of three replicates are shown).
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chromatograms of BDE-209, suggesting that debromination did

not occur in the present study lasted only eight weeks.
Discussion

Toxic effects of BDE-209

BDE-209 did not observe significant differences in growth

and non-enzymatic antioxidants and may not have any effect on

it, while the effects of BDE-47 on the growth, enzymatic and

non-enzymatic antioxidants of K. obovata were concentration-

dependent and lasted throughout the 8-week experiment (Wang

et al., 2014a). The stimulatory effects of BDE-209 on SOD, POD

and CAT in both leaves and roots of K. obovata were only

significant in weeks 1 and 4. After 8-week experiment, the

antioxidative enzymes of K. obovata exposed to BDE-209,

even at the very high level (10 mg l-1) returned to the same

values as the control. The more toxic and longer-lasting effects of

BDE-47 than BDE-209 might be explained by two reasons: First,

the uptake of BDE-47 by K. obovata would be higher than BDE-

209, due to its lower log Kow value and higher solubility as

reported by previous studies (Rahman et al., 2001; Teclechiel

et al., 2009). Zhang et al. (2013) also suggested that the lower

toxicity of BDE-209 was likely due to its high molecular weight

or size, resulting small uptake by organisms. Second, BDE-47

and BDE-209 had different chemical structures leading to

different stabilities between BDE-209 and BDE-47. Br and O
Frontiers in Marine Science 06
are atoms with high electronegativity, while H has low

electronegativity. As all the carbons on BDE-209 are

connected with Br or O, the electrons are well spreaded, thus

lowering the electrostatic potential and the reactivity, BDE-209

is thus the most stable PBDE congener (Huang et al., 2011).

Higher stability of BDE-209 might also lead to lower

bioavailability to the living organisms than BDE-47. Previous

studies reported that BDE-47 was more toxic and

bioaccumulative than BDE-209 (Gandhi et al., 2011).
Uptake of toxic pollutants by plants

Toxic contaminants such as persistent organic pollutants

(POPs) and heavy metals in soil could be taken up by plants

(Prasad, 2004; Yan and Tam, 2011). A wide range of terrestrial

plant species, such as radish, zucchini, tobacco, nightshade,

ryegrass, alfalfa, pumpkin, summer squash, maize, etc., could

take up diverse groups of toxic pollutants, including PBDEs but

with different abilities (Mueller et al., 2006; Huang et al., 2010b;

Sun et al., 2013b). Especially, as wetland plants, many mangrove

plant species were reported to uptake and bioaccumulate POPs.

The root of B. gymnorrhiza accumulated more pyrene than that

of K. candel grown in pyrene bottom-contaminated sediments

(Ke et al., 2003). Pi et al. (2017) reported that two mangrove

species, Excoecaria agallocha L. and K. obovata could uptake of

mixed polycyclic aromatic hydrocarbons (PAHs) and PBDEs in

wastewater. Chen et al. (2015) reported that nitrogen addition
FIGURE 2

Concentrations of BDE-209 (mg kg-1 DW) in different tissues of K. obovata seedlings under different contamination levels of BDE-209 (L: 0.1 mg
l-1 BDE-209, M: 1 mg l-1 BDE-209, H: 5 mg l-1 BDE-209, VH: 10 mg l-1 BDE-209; In the same tissue under the same treatment, bars with
different letters show significant differences among sampling times at p ≤ 0.05 according to one-way ANOVA followed by Tukey’s tests; NS: Not
significant; Mean and standard deviation of three replicates are shown).
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affected the uptake of PBDEs by a mangrove plant, Aegiceras

corniculatum. All these indicated that plant uptake of POPs was

species-specific. In the present study, K. obovata, the two

commonest mangrove species in Hong Kong SAR, also took

up BDE-209 from hydroponic culture. The mechanisms

controlling the uptake of PBDEs in plant species are still

unresolved, and one possible mechanism is that Fe plaque

formed on root surfaces of mangroves could effectively

immobilize organic pollutants (Pi et al., 2017). More research

is needed to understand what causes the species-specificity of

plant uptake.

Following uptake, toxic chemicals are translocated and

accumulated in plants but at different amounts among tissues.

The accumulation of PBDEs in stems and leaves may result from

a combination of uptake through the root uptake from the soil

pathway and foliar uptake from the air (Huang et al., 2011). In

the control (without any spiking of PBDEs), no BDE-209 were

detected in any plant tissue, indicating that the route of foliar

uptake from the air to the aboveground accumulation could be

neglected. The highest BDE-209 concentrations were in root,

followed by propagule, stem, and the lowest in leaf. Similar

declining trends of accumulation from root to leaf were recorded

in the uptake of PCBs, DDTs and PBDEs in plants grown

directly in contaminated soils (Lunney et al., 2004; Huang

et al., 2011; Zhao et al., 2012). These declining trends further

supported that the accumulation of PBDEs in plants was mainly

due to the root uptake, followed by gradual transfer, to

propagules, stems, and then to the leaves.
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The total uptake and accumulation of BDE-209 in plant

tissues of K. obovata increased with the initial contamination

levels in the hydroponic culture solution. Similarly, Prasad

(2004) also reported that the metal uptake increased with

increasing metal concentrations in external medium. The

uptake of PCB in the genus of Luzula exhibited a great

increase relative to increasing soil PCB concentrations (Dawn

Pier et al., 2002). The availability of the chemical and the factors

restricted its bioavailability such as the lipid content and

morphology of roots, the acquisition and/or translocation

mechanisms of the plants, etc., may also affect the plant uptake.
Biotransformation of toxic pollutants
in plants

Volatilization, degradation and metabolism are important

processes determining the fate of pollutants following the

uptake, translocation and accumulation of toxic pollutants in

plants. It has been demonstrated that PBDEs could be degraded/

debrominated into more toxic lower brominated congeners (de-

PBDE products) in plants (Wang et al., 2011). The

debrominated products of BDE-28, -47 and -99 were recorded

in maize (Zhao et al., 2012), and a debromination product (BDE-

28) was also identified in the young whole pumpkin plant after

exposure to BDE-47 (Sun et al., 2013b). These studies showed

that the debromination of PBDEs occurred but its rates and

pathways varied from plant species to species.
TABLE 2 Amounts of BDE-209 (µg) and percentages to total inputs (in brackets) remained in hydroponic culture solution, uptake in K. obovata
seedlings and loss during an 8-week hydroponic experiment.

Treatment Input Cumulative outputs Cumulative loss= Input-Output

Hydroponic culture Remained in culture Plant uptake

At the end of week 1 (week 1)

L 22.0 ± 1.20 18.5 ± 1.10a (84.4%) 2.8 ± 0.4a (14.9%) 0.70 ± 1.90a (3.10%)

M 223 ± 11.4 199 ± 14.3b (89.3%) 15.2 ± 3.3b (7.70%) 8.70 ± 9.20a (3.90%)

H 1094 ± 38.7 951 ± 48.6c (87.0%) 124 ± 6.5c (13.1%) 18.6 ± 52.0a (1.60%)

VH 1848 ± 117 1544 ± 75.9d (83.9%) 162 ± 13.6d (10.5%) 143 ± 165a (7.40%)

At the end of week 4 (weeks 2 and 4)

L 44.8 ± 1.90 37.2 ± 1.90a (83.1%) 5.0 ± 0.4a (13.4%) 2.60 ± 2.70a (5.70%)

M 459 ± 18.6 407 ± 20.7b (88.5%) 20.6 ± 0.6b (5.10%) 32.2 ± 14.9a (7.00%)

H 2298 ± 213 2081 ± 125c (91.3%) 187 ± 18.1c (9.00%) 29.9 ± 32.4a (0.40%)

VH 3537 ± 321 2861 ± 119d (81.1%) 243 ± 42.9d (8.50%) 433 ± 164b (12.0%)

At the end of week 8 (weeks 2, 4, 6 and 8)

L 90.7 ± 7.40 74.8 ± 1.70a (82.7%) 5.80 ± 0.20a (7.80%) 10.1 ± 6.60a (10.8%)

M 958 ± 23.1 827 ± 51.5b (86.4%) 22.6 ± 0.60b (2.70%) 109 ± 74.9a (11.3%)

H 4389± 429 3801 ± 447.3c (86.7%) 214 ± 31.5c (5.70%) 374 ± 307ab (8.40%)

VH 7275 ± 666 6321 ± 502d (87.0%) 262 ± 23.5c (4.10%) 692 ± 347b (9.40%)
L: 0.1 mg l-1 BDE-209, M: 1 mg l-1 BDE-209, H: 5 mg l-1 BDE-209, VH: 10 mg l-1 BDE-209; Mean and standard deviation of three replicates are shown; Values at the same sampling time
with lower case letters at superscript position shows significant differences among contamination levels according to one-way ANOVA test.
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In the present study, BDE-209 was not debrominated and no

newly-borne lower brominated congeners were found in plant

tissues and in the hydroponic culture. Previous research showed

that the debromination of PBDEs took long time and was more

preferably under anaerobic condition (Robrock et al., 2008; Zhu

et al., 2014b). As the studies on the degradation, metabolism and

fate of PBDEs are still limited to terrestrial plants with very few

studies in aquatic ecosystems (Huang et al., 2010b; Wang et al.,

2011; Wang et al., 2012; Sun et al., 2013b), the debromination of

PBDEs in mangrove plants which are saline, aquatic and

ligneous deserves more attention and future study.

The toxic effects of only one PBDE congener were examined

in the present study. However, natural environments are often

contaminated by a mixture of PBDE congeners. The behavior of

PBDE mixture in mangrove soil and the interactions between

different PBDE congeners should be further studied.

Additionally, the present mangrove microcosm work only

investigated the responses of mangrove seedlings to a single

addition of BDE-209 to the hydroponic culture at the beginning

of the study. However, in natural environments, PBDE

contamination from waste dumping or wastewater discharge

may occur from time to time. The effects of intermittent and/or

continuous discharges of PBDEs on mangrove plants merit

further research.
Conclusions

When compared with BDE-47, BDE-209 did not observe

any significant negative effects on the growth of K. obovata

seedlings. Our results suggested that BDE-209 was less toxic to

K. obovata than BDE-47.

The K. obovata seedlings could also absorb, translocate and

accumulate BDE-209 from the culture solution. However, most

of the spiked BDE-209 was still remained in the hydroponic

culture solution. These results suggested that BDE-209, due to its

higher molecular weight and higher log Kow, was more difficult

to be removed by mangrove system than BDE-47.

This was the first comprehensive study revealing the effects

of PBDEs on the growth, enzymatic and non-enzymatic

antioxidative responses of mangrove seedlings, as well as their

tolerance to PBDE stresses. The abilities of mangrove species to

remove, uptake and accumulate PBDEs were reported. The

work provided important information on the fate of PBDEs,

which could be used for selecting the appropriate species

for phytoremediation.
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