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ABSTRACT

An experiment was conducted to improve rhizoremediation for decabromodiphenyl ether
(BDE-209) contaminated soil from typical E-waste dismantling areas. Plants of ryegrass
(Lolium perenne L.) and rice (Oryza sativa L.) were cultivated in aged-contaminated (initial
concentration of 346.3 ug BDE-209-kg’1) and freshly-spiked (initial concentration of 3127 pg
BDE-209-kg 1 ) soils, coupling with the agricultural modification strategies of compost addition
and/or arbuscular mycorrhizal fungi (AMF) infection, respectively. 60 days’ growth of ryegrass
significantly facilitated the dissipation of BDE-209, with the most effective in its rhizosphere in
treatment inoculated with AMF; the BDE-209 dissipation rates achieved 51.9% and 22.8% in
rhizosphere, and 43.5% and 19.8% in non-rhizosphere, for aged-contaminated and freshly-
spiked soils, respectively. 120 days’ growth of rice with simultaneous inoculation of AMF and
addition of compost was the most effective in facilitatihg BDE-209 dissipation in aged-
contaminated soil, with the removal rates of 53.3% and 48.1% in rhizosphere and non-
rhizosphere soils respectively; while for freshly-spiked soils, the most effective removal was
achieved by compost addition only, with the BDE-209 dissipation rates of 27.9% and 26.6% in
rhizosphere and non-rhizosphere soils, respectively. High throughput sequencing analysis of
rhizosphere soil DNA showed that responses in microbial communities and their structure
differed with plant species, soil pollution dose, AMF inoculation and/or compost addition.
Actinomycetales, Xanthomonadales, Burkholderiales, Sphingomonadales, Clostridiales,
Cytophagales, Gemmatimonadales and Saprospirales were the sensitive responders and
even possibly potential functional microbial groups during the facilitated removal of BDE-209 in
soils. This study illustrates an effective rhizoremediation pattern for removal of BDE-209 in
pollution soils, through successive cultivation of rice and followed by ryegrass, with rice growth
coupled with AMF inoculation and compost addition, while ryegrass growth coupled with AMF
inoculation only.
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1 Introduction

With the development of world economy, the growing
electronic waste has caused serious environmental problems
on the global scale, especially in China. In typical E-waste
dismantling area, polybrominated diphenyl ethers (PBDEs),
used as flame retardants in electronic components, have
drawn great public attention. Their environmental release
during non-standard dismantling of E-waste has caused
serious contamination in Taizhou and Guiyu of China, two of
the largest E-waste dismantling sites in the world (He et al.,
2015). Previous pollution surveys reported that the total
concentration of PBDEs reached to greater than 3000 pg-kg ™’
which caused serious environmental damage and food
security risk (Qu et al., 2007; Zhao et al., 2010; Wang et al.,
2011b). Especially, the reported concentration of PBDEs
ranged from 4.8 to 533 ug-kg ' and 2.1 —217 ug-kg" in soil
and vegetation respectively in Guiyu (Wang et al., 2011b) and
from 2.96 to 200 pg-kg ' (with a mean of 65.2 ug-kg ') for
farmland soils in Taizhou (Dong et al., 2014). Therefore,
facilitating environmental removal of PBDEs from polluted
soils is crucial for pollution control and remediation in these E-
waste dismantling areas (Deng et al., 2016). Of all the 209
kinds PBDE congeners, the highest brominated decabromo-
diphenyl ether (BDE-209) owns the highest amount in total
production of PBDEs because of its lower price and superior
performance (Sjodin et al., 1999; He et al., 2015). There is
thus an urgent need to mitigate the heavy pollution of BDE-
209.

Currently, available methods for facilitating the dissipation
of PBDEs in soil basically rely on either abiotic or biotic
pathways. The photolytic debromination, Fenton and nanos-
cale zero valent iron methods are common and important
abiotic techniques (Oturan et al., 2000; Ahn et al., 2006; Qiu et
al., 2011; Wei et al., 2013). Although they are highly efficient
for remediation, these techniques are usually not the best for
farmland soils, due to their high costs, secondary pollution and
drawbacks for agricultural production. Therefore, green biotic
remediation techniques such as bioremediation through the
growth of plants are more and more favorable (Huang et al.,
2013; He et al., 2015). Benefits of plant growth were verified in
facilitating the dissipation of organic contaminants (OCs) in
plant rhizosphere (e.g. He et al., 2005, 2007, 2009), with the
effects regulated by root exudates, root architecture, rhizo-
sphere microbial communities, soil water and nutrient condi-
tions, pollutant stress and aging effect simultaneously (Ma et
al., 2010). Especially, the enhanced microbial degradation
either aerobically or anaerobically initiated by rhizosphere
effect was reported to be the key process underpinning the
facilitated removal of OCs from polluted soils (Zhu et al., 2014;
Chen et al., 2015). The beneficial effect is also plant-specific,
due to the contrasting root secretion, particularly in different
aerobic and anaerobic conditions. So far, various plant
species have been tested for the potential functional species
with high efficiency in pollution remediation of typical OCs,
such as PBDEs, polychlorinated biphenyls (PCBs), polycyclic

aromatic hydrocarbons (PAHs) and pentachlorophenol (PCP),
including the xerophyte species such as maize, ryegrass, tall
fescue, lettuce and the hygrocolous species such as rice,
zucchini (Huang et al., 2010; Wang et al., 2011a; Inui et al.,
2011; Kuo et al., 2014; Wang et al., 2014; Qin et al., 2014; He
et al., 2015; Zhang et al., 2015; Bizkarguenaga et al., 2016).
As for PBDEs, the ryegrass (Lolium perenne L.) and the rice
(Oryza sativa L.) cultivars (Xiushui 134) were recommended
as the most functional plant species for a cost-effective
remediation of soils polluted by BDE-209 around an e-waste
recycling area by a screening experiment coupling with
regulation of soil redox status during plant growth (He et al.,
2015).

The agronomic practices, such as compost addition and
mycorrhizal fungi inoculation, are previously studied and
verified to be helpful for OCs dissipation through their
modification in physical and biochemical properties of polluted
soils, thereby improved pollution remediation (Cheng and
Wong, 2008; Wang et al., 2011a; Wu et al., 2014; He et al,,
2015; Bizkarguenaga et al., 2016;). Apart from the positive
effect on soil microbial activity, the addition of compost, known
as the most economical and widespread method around the
world, was shown to accelerate soil dissipation of PBDEs and
PAHs previously (Kastner et al., 1995; Cheng and Wong,
2008; Bizkarguenaga et al., 2016). Arbuscular mycorrhizal
fungi (AMF) colonization in ryegrass rhizosphere was also
reported capable of mediating the microbial growth and
community structure quantitatively and qualitatively, and
thus enhanced the dissipation of BDE-209 (Wang et al,,
2011a). Analyses on the response of functional microbial
groups during facilitated soil dissipation of BDE-209 also
revealed an increase in biomass of AMF (He et al., 2015).

The objectives of this study were to develop an efficient
rhizoremediation approach to enhance the removal of BDE-
209 in e-waste recycling areas. Plant-microbe synergistic pot
experiments were conducted to elucidate the combined
rhizospheric and microbiological effect on BDE-209 removal.
This study included two plant species (ryegrass and rice),
various pollution dose and time (aged and freshly-spiked),
along with agronomic practices (AMF inoculation in the form of
Glomus mosseae, and/or compost addition). It was hypothe-
sized that the inoculation of AMF and/or addition of compost
would alter plant-microbe interactions during plant growth and
thereby affect BDE-209 removal, with the effect differing
between rhizosphere and non-rhizosphere where the micro-
habitats were regulated by specific plant growth as well as soil
pollution and nutrition conditions.

2 Materials and methods
2.1 Chemicals

BDE-209 was Acros standard with the purity of 99% (Acros
Organics, Belgium). All solvents used, i.e. acetone, n-hexane,
toluene, and methanol, were HPLC grade and obtained from
Sonice Biotech Company (Hangzhou, China).
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2.2 Soil collection and preparation

Surface soils (0-20 cm) were collected from a farmland at
Mukeng, the most seriously polluted village in Taizhou district
of China (28°21'48.58"N, 121°15'44.11"E). Selected charac-
teristics of the soil were as follows: pH (soil:water= 1:2.5)
6.57; organic matter, 35.6 g-kg'; cation exchange capacity,
9.24 cmol-kg™'; available P (NH4F-HCI extraction), 65.3
mg-kg'; available K (NH4OAc extraction), 333.9 mg-kg";
clay 14.4%, silt 22.2%, and sand 63.4%. Soil samples were
air-dried and sieved <2mm before use. The initial concentra-
tion of BDE-209 in this soil was 346.3 pg-kg .

Two pollution groups of BDE-209 with different pollution
dose and aged time were designed. One was the aged-
contaminated soils with low pollution that were collected
directly from the field, and the other was freshly-spiked soils
with high pollution that were amended with additional BDE-
209, giving an average BDE-209 concentration of 3127
Hg-kg 1, Freshly-spiked contaminated soil was prepared as
follows: 1 kg soil was spiked with a solution of BDE-209 that
was dissolved in 100 mL of a mixture of toluene and acetone
(V: V= 1:10), mixed thoroughly, and placed under a fume
hood for solvent evaporation for 24 h. The spiked soil was
continuously tumbled with 9 kg non-spiked soil for 2 h, then
continuously tumbled with other non-spiked soil to ensure
efficient mixing. Soil samples of both pollution groups were
amended with basal nutrients at rates of 300 mg N (urea), 100
mg P (ground phosphate rock), and 200 mg K-kg~" (muriate of
potash) before sowing seeds.

2.3 Pot experiment design

The ryegrass (Lolium perenne L.) and rice (Oryza sativa L.
“Xiushui 134”) were selected as the test plants. The two
species have been verified as the most efficient species for
BED-209 phytoremediation in our previous study (He et al.,
2015). Seeds were sterilized in 10% (v/v) H>O, solution for 15
min, followed by washing with deionised water twice, soaked
in a 3 mM solution of Ca(NO3), for 4 h in the dark. The seeds
were subsequently germinated for a week on moist filter paper
in the dark.

A rhizobag pot experiment was conducted following a
modification of the method of He et al. (2015). The dimension
of the rhizobag was 200 x 100 x 180 (length x width x height
in mm), which was made by nylon mesh (<25 um). Soils were
used to fill the inside (as rhizosphere) and enclosed the
outside (as non-rhizosphere) of the rhizobag. Each pot
received 4 kg of polluted soil, with BDE-209-free soil covered
on the upper 0.5 cm as a buffer layer to minimize the loss of
BDE-209 due to volatilization and photolysis. Uniform seed-
lings (3 for rice and 25 for ryegrass per pot) were selected and
transplanted into the root bag. Plants of ryegrass and rice
were grown in a greenhouse for 60 and 120 days,
respectively. At harvest, rhizosphere and non-rhizosphere
soils were sampled separately. Ryegrass and rice plants were
also sampled to separate shoots and roots.

The treatments were set up as follows: 1) control without

plant (CK); 2) plants inoculated with AMF Glomus mosseae
(G. mosseae) (+G. mosseae); 3) plants amended with
compost (+compost); 4) plant growth with G. mosseae
inoculation and compost addition ( + G. mosseae + compost).
Original inoculum of the AMF G. mosseae (BGC GZ01A)
(Institute of Plant Nutrition and Fertilizers, Beijing Academy of
Agronomy and Forestry, China) was comprised of a sandy soil
containing spores, mycelium and sorghum root fragments,
and was air-dried and sieved (<2 mm) before use. Mycor-
rhizal treatments were prepared by mixing the fungal inoculum
with soil at about 1:9 ratio (W: W), with the mixtures placed
within the rhizobag (Wang et al., 2011a). Compost treatment
was prepared with the mixture of 33.2 g pig manure compost
and 3.97 kg soil per pot. Given that the physiologic needs are
plant species-dependent, the soil water status was managed
differentially for the growth of ryegrass and rice. Soil moisture
content was maintained at approximately 60% of the field
water holding capacity (WHC) for the ryegrass. With respect
to the rice, a sequential wetting-drying condition was created,
with a 2-cm water layer covering the soil surface to produce
flooded state in the initial stages followed by a dry state
through flushing out the redundant water and withholding from
watering until the moisture contents decreased below 60%
WHC. Therefore, experiment treatments for ryegrass group
include: dry control (CK-Ry), Ryegrass growth only (Ry),
Ryegrass + G. mosseae (RyG), Ryegrass + compost (RyC)
and Ryegrass + G. mosseae + compost (RyGC); and that for
rice group include: sequential wetting-drying control (CK-Ri),
Rice growth only (Ri), Rice+ G. mosseae (RiG), Rice+
compost (RiC) and Rice + G. mosseae + compost (RiGC).
Each treatment was conducted separately for aged-contami-
nated and freshly spiked soils, with three replicates. The
original aged (O-aged) and freshly-spiked (O-fresh) contami-
nated soil samples before the experiment commenced were
also used for analysis of initial microbial status.

2.4 Soil chemical analysis

The concentration of BDE-209 in soils was determined by a
method based on ultrasonic extraction, subsequent solid
phase enrichment followed by GC-yECD analysis. The detail
extraction, clean up as well as detected methods for the
detection of BDE-209 from soil and plant samples had been
reported in our earlier study (He et al., 2015). Briefly, each 2 g
soil sample was ultrasonically extracted thrice with a mixture
of acetone and hexane (1:1, v/v) added with a certain amount
of anhydrous sodium sulfate and 1-g activated copper
granules. The supernatant after centrifugation were combined
and concentrated, followed by solid phase micro-extraction
with the isooctane and Florisil SPE column (6 mL, 1 g). The
resulting eluents were then dried under a stream of N,, and
further re-dissolved with 1 mL hexane and analyzed by GC
(Agilent 689011, USA). Quality assurance protocol included the
addition of random injection of solvent blanks and standards.
The recoveries of BDE-209 was 93.4+1.68%.

Soil dissolved organic carbon (DOC) and dissolved total
nitrogen (DTN) were extracted with Milli-Q water, and the
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supernatant was measured using an automated total organic
carbon analyzer (Multi N/C 3100, Analytik Jena AG, Jena,
Germany) (Xu et al., 2015; Dai et al., 2016). The NH," and
NO3 concentrations were measured using a continuous flow
analyzer (TRAACS 2000, Bran and Luebbe, Norderstedt,
Germany) after soil samples were extracted with 1 mol-L™"
KCI (Zhou et al., 2014). The concentration of Fe** and Fe®*
was measured using the 1, 10-phenanthroline colorimetric
method at 530 nm on a UV-Vis spectrophotometer (Hayat et
al.,, 2011; Xu et al.,, 2014). The catalase activity was
determined by back-titrating residual H,O, with KMnO, as
described by Stepniewska et al. (2009) and the dehydrogen-
ase activity was analyzed after incubation soil samples in
TTC-glucose-Tris buffer solution at 37°C in the dark for 24 h
(Liu et al., 2011). Dry weights of shoots and roots were
recorded.

2.5 Soil DNA extraction and illumina sequencing

The microbial community of soil samples in rhizosphere
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collected at harvest was analyzed through amplification and
sequencing of a 16S rRNA amplicon using lllumina Miseq
high-throughput sequencing. Total microbial genomic DNA
was extracted from 0.5 g of soil sample using the MoBio
PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad,
CA, United States) according to the manufacturer’s instruc-
tion. Each DNA extract was amplified by the polymerase chain
reaction (PCR) with the primer pair 520F (5-AYTGGGYD-
TAAAGNG-3) and 802R (5-TACNVGGGTATCTAATCC-3) to
obtain an approximately 250-bp fragment on the V4 region of
the 16S rRNA gene. Genome DNA would be normalized to 30
ng per PCR reaction. V4 dual-index Fusion PCR Prime
Cocktail and PCR Master Mix (NEB Phusion High-Fidelity
PCR Master Mix) was added to the PCR run. Amplification
was conducted using the PCR conditions: 30 s at 98°C, 25
cycles of 30 s at 98°C, 30 s at 50°C and 30 s at 72°C, and a
final 5-min extension at 72°C. PCR products were purified with
AmpureXP beads (Agencourt) to remove the unspecific
products. The final library was qualified by PicoGreen
(Invitrogen, Paisley, UK). Qualified libraries were sequenced
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Fig. 1 The concentration of BDE-209 in soils of ryegrass (A and B) and rice (C and D) experiments (A and C: aged-contaminated soil; B and
D: freshly-spiked soil). Bars are the standard error of means of three replicates. Different letters indicate significant differences among
treatments at the P<0.05 level. Abbreviations for treatments: O-aged and O-fresh, original aged and freshly-spiked contaminated soil
samples before the experiment commenced, respectively; others are as Table 1.
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Table 1 The removal percentage of BDE-209 in rhizosphere (RS) and non-rhizosphere (NRS) of aged-contaminated and freshly-spiked soils of

different treatments.

Treatments Aged-contaminated soil (%) Freshly-spiked soil (%)
CK-Ry 6.5e 12.9e
Ry NRS 17.7de 18.4bcd
RS 31.9¢c 20.0ab
RyG NRS 43.5ab 19.8abc
RS 51.9a 22.8a
RyC NRS 14.8de 17.7bcd
RS 37.3bc 19.3abcd
RyGC NRS 18.1d 15.9cde
RS 23.0cd 15.6de
CK-Ri 23.3c 15.9b
Ri NRS 30.5b 21.3ab
RS 39.7ab 22.4ab
RIG NRS 30.8b 23.5ab
RS 39.8ab 24.5a
RIC NRS 36.8ab 26.6a
RS 38.8ab 28.0a
RIGC NRS 48.1ab 26.7a
RS 53.3a 27.5a

Abbreviations for treatments: CK-Ry, dry control of ryegrass group; Ry, Ryegrass growth only; RyG, Ryegrass + G. mosseae; RyC, Ryegrass +
compost; RyGC, Ryegrass + G. mosseae + compost; CK-Ri, sequential wetting-drying control of rice group; Ri, Rice growth only; RiG, Rice + G.
mosseae; RiC, Rice + compost; RiGC Rice + G. mosseae + compost; NRS, Non-rhizosphere soil; RS, Rhizosphere soil. Values in the same
column with different plant species followed by different letters are significantly different (P <0.05).

pair end on the lllumina MiSeq platform with sequencing
strategy PE250 (MiSeq Reagent Kit). lllumina (Highseq2000,
lllumina, San Diego, CA, US) sequencing services were
provided by the Personal Biotechnology Co., Ltd. (Shanghai,
China). The sequences were submitted to the NCBI
Sequence Read Archive (SRA) database (with accession
number SRP132106).

2.6 Statistical analysis

Statistical analysis was conducted using the SPSS 20.0
software package (IBM, Armonk, IL, United States). Means
and standard error were calculated for triplicates, with
significant differences tested by one-way analysis of variance
(ANOVA) with LSD test at P<0.05. The redox biochemical
criteria in ryegrass and rice experiments were further
identified using correlation tests of significant principal
component scores of PCA by Origin 8.1. Redundancy
analysis (RDA) was performed using the R version 3.4.2
and Origin 8.1.

3 Results

3.1 The concentration of BDE-209 in soils

In general, the BDE-209 dissipation rates (as percentage
removal of the initial amounts) in aged-contaminated soils
(14.8%-53.3%) were higher than those in freshly-spiked soils

(15.6%—-28.0%) (Table 1). In the ryegrass group (Fig. 1A and
1B), soil BDE-209 concentration in the treatments with plants
was significantly lower than the initial value of original soil
samples before experiment (O-aged and O-fresh) and that in
the control without plants, with the concentration in rhizo-
sphere lower than non-rhizosphere. Ryegrass growth
enhanced BDE-209 dissipation in soil, with the most effective
in the RyG treatment, in which BDE-209 dissipation rates
achieved 51.9% and 22.8% in rhizosphere, and 43.5% and
19.8% in non-rhizosphere, for aged-contaminated and
freshly-spiked soils, respectively (Table 1). In aged-contami-
nated soils, the dissipation rate of BDE-209 followed the order
of RyG>RyC>Ry>RyGC. The same order was also found in
freshly-spiked soils, but the differences among the treatments
were not significant.

In the rice group (Fig. 1C and 1D), the growth of rice can
effectively decrease soil BDE-209 relative to the original
samples and the CK, and BDE-209 concentration in rhizo-
sphere were lower than that in non-rhizosphere as well. In
aged-contaminated soils, the RiGC treatment was the most
effective in facilitating BDE-209 dissipation, with the dissipa-
tion rates of 53.3% and 48.1% in rhizosphere and non-
rhizosphere, respectively. The dissipation rate followed the
order of RiIGC>RiG>Ri>RiC. While in freshly-spiked soils, the
most effective treatment was in the treatment of RiC, with the
BDE-209 dissipation rates of 28.0% and 26.6% in rhizosphere
and non-rhizosphere, respectively (Table 1). The general
dissipation trend was RiC>RiGC>RiG>Ri. However, no
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significant differences among treatments were found either in
aged-contaminated or freshly-spiked soils.

3.2 The concentration of BDE-209 in plants

The shoot biomass of ryegrass and rice were both highest in
RyGC/RiGC and RyC/RiC of aged-contaminated and freshly-
spiked treatments, respectively. While for root issue, RyG had
the highest biomass in aged-contaminated treatment, but
lowest biomass in freshly-spiked soils. What's more, the root
biomass of rice was significantly higher in RiC than that in
other treatments, which was similar to shoot biomass of rice
(P<0.05) (Table 2).

With respect to the concentrations of BDE-209 in ryegrass
and rice, BDE-209 residues in ryegrass were only detected in
the roots of RyG (154.6 pg-kg ') and RyC (96.2 pug-kg ")
treatments in aged-contaminated soils; and accumulation of
BDE-209 was detected in roots of all treatments (419.8-495.9
ug-kg ') and in shoots of RyGC treatment (16.4 ug-kg™) in
freshly-spiked soils. Comparatively, BDE-209 residue was
detected in neither the roots nor the shoots of rice in aged-
contaminated soils; there was also no BDE-209 accumulation
in shoots, but the roots were detected with BDE-209 in all
treatments (60.8-85.5 ug-kg ') in freshly-spiked soils (Table
2).

3.3 Changes of soil biochemical indexes

The concentrations of DOC, DTN, NO5; and NH," in rhizo-
sphere were higher than those in non-rhizosphere. On the
contrary, the activity of dehydrogenase in rhizosphere was

lower than that in non-rhizosphere (P<0.05). Meanwhile, in
aged-contaminated soils, ryegrass growth increased the
content of DOC, DTN, NO3 and NH," in the rhizosphere,
but decreased those in the non-rhizosphere, as compared to
the CK-Ry; while the activity of dehydrogenase showed
almost the opposite trend. In freshly-spiked soils, regularity of
the changes for these biochemical indexes was not exhibited.
With respect to the iron content (Fe?* and Fe®' ) and the
catalase activity, there was almost no significant difference
between rhizosphere and non-rhizosphere of both aged-
contaminated and freshly-spiked soils. Additionally, the
content of DOC was increased with the addition of compost,
with the highest values achieved in the treatments of RyGC
(112.1 and 101.9 mg-kg " for aged-contaminated and freshly-
spiked soils, respectively) (Table 3).

For rice group, in both aged-contaminated and freshly-
spiked soils, the concentrations of DOC and DTN in rhizo-
sphere were higher than those in non-rhizosphere, while the
content of NH," in rhizosphere was lower than that in non-
rhizospher; the addition of compost increased DOC and DTN
values, as well as the activity of dehydrogenase and catalase,
with the highest values of these biochemical indexes exhibited
in the RIiGC treatments of both aged-contaminated and
freshly-spiked soils (Table 4).

The PCA of soil biochemical indexes was conducted to
illustrate the treatments and rhizosphere effects in soils
growing ryegrass and rice (Fig. 2). For the ryegrass group,
rhizosphere and non-rhizosphere presented an obvious
distinction between aged-contaminated or freshly-spiked
soils. All the treatments in rhizosphere gathered together in

Table2 The biomass of ryegrass and rice, and the concentration of BDE-209 in shoots and roots of ryegrass and rice grown in the contaminated

soils.
Treatments Root Shoot
Biomass BDE-209 Biomass BDE-209
@) (ug-kg ") @) (ug-kg ")

Aged-contaminated Ry 1.94+0.18 nd® 7.65+0.58 nd
RyG 2.27+1.03 154.6+12.6 7.51+1.67 nd
RyC 1.79+0.42 96.2+8.5 8.56£1.79 nd
RyGC 1.78+0.13 nd 9.50-£1.04 nd
Ri 1.62+0.68 nd 9.724+4.09 nd
RiG 3.4640.64 nd 10.71+1.58 nd
RiC 3.4440.85 nd 13.48+1.98 nd
RiGC 3.00+1.63 nd 13.75+1.84 nd

Freshly-spiked Ry 1.51+0.18 495.9+48.5 7.684+1.50 nd
RyG 1.2940.27 482.9+25.7 6.11+0.49 nd
RyC 1.5340.36 437.7£77.2 8.48+2.21 nd
RyGC 1.57+0.55 419.8+£25.9 7.12+1.63 16.40+2.70
Ri 1.18+0.35 60.8+2.1 8.80+1.01 nd
RIG 1.83+0.41 66.6+6.8 12.42+2.50 nd
RiC 5.87+1.60 85.545.1 16.79+2.23 nd
RiGC 2.56+0.22 76.6+4.7 11.89+3.08 nd

Abbreviations for treatments are as Table 1; nd: not detected; Values are means=+standard errors of three replications.
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the positive axis of PC1, while those in non-rhizosphere
plotted in the negative axis of PC1 (Fig. 2A and Fig. 2B). For
the rice group, however, there was no difference among
treatments of rhizosphere and non-rhizosphere in both aged-
contaminated and freshly-spiked soils (Fig. 2B and 2D).

3.4 Response of soil microbial community structure

Soil microbial community structure as represented by the
percentages of different bacterial groups in rhizosphere of
ryegrass and rice at the phylum and order levels were shown
in Fig. 3. A total of 28,527 and 40,270 effective sequences
were obtained in the ryegrass and rice treatment groups,
respectively. Proteobacteria and Actinobacteria were the most
abundant phyla, accounting for 36.6% and 19.8% of the total
gene sequences in soils under ryegrass, and 32.0% and
15.1% in soils with rice plants, respectively (Fig. 3A and 3C);
while Xanthomonadales and Actinomycetales dominated in
the order levels, with 15.2% and 11.3% in soils of ryegrass
group, and 12.3% and 8.5% in soils of rice group, respectively
(Fig. 3B and 3D).

The growth of ryegrass simultaneously increased the
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relative abundances of Proteobacteria, Actinobacteria and
Bacteroidetes; and especially, the addition of compost
improved the abundances of Bacteroidetes, Firmicutes,
Gemmatimonadetes and Planctomycetes in both contami-
nated soils compared with those in the CK-Ry (Fig. 3A). The
same tendency was found in all the AMF treatments, only with
the exception of Firmicutes, with its abundance decreased
following the inoculation of G. mosseae. At the order level,
growing ryegrass increased the abundances of Actinomyce-
tales, Saprospirales, Burkholderiales and Sphingomona-
dales. The amendment of compost clearly increased the
abundances of Clostridiales, Cytophagales and Gemmatimo-
nadales, but decreased that of Actinomycetales and Xantho-
monadales. The inoculation of G. mosseae enhanced the
abundances of Acidimicrobiales, Saprospirales, Gemmatales
and Gemmatimonadales, with Gemmatimonadales only
enriched in freshly-spiked soils (Fig. 3B).

Under rice growth, there was a certain difference in
bacterial abundance at both the phylum and order levels
among the treatments (Fig. 3C). The percentages of
Proteobacteria and Gemmatimonadetes were slightly
enhanced, but that of Bacteroidetes decreased in freshly-
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the major order). Abbreviations for treatments are as Table 1 and Fig. 1.

spiked soils. Although Xanthomonadales still dominated in
bacteria community, it declined in the enhanced rhizoreme-
diation treatments (RiG, RiC and RiGC), as compared to the
treatment with rice only (Ri). Compost addition hardly altered
the abundances of Clostridiales and Cytophagales, but
enhanced the abundances of Bacteroidales, Anaerolineales
and Myxococcales.

The first 20 bacterial taxa with most significant differences
among the treatments (P<0.05) was presented in Fig. 4.
These taxa represented the sensitive responders among soil
bacteria. Growing ryegrass enriched Flavisolibacter, Luteimo-
nas and Gemmatimonas relative to the CK-Ry, with the
greatest effect on Gemmatimonas that belongs to Gemmati-
monadales. Additional amendment of compost and/or inocu-
lation of G. mosseae enriched Adhaeribacter, Chthoniobacter,
Flavisolibacter and Gemmatimonas. As for the rice group, the
taxa abundance of microbial communities was much higher
than that under ryegrass growth (Fig. 4). Among all the
microbial communities, Acidothermus had the most abun-
dance taxa, and was inhibited by rice growth as compared
with that in the original soils. In contrast, Adhaeribacter was
enriched in the treatments with additional amendment of

compost and/or inoculation of G. mosseae, which showed the
relatively high efficiency in BDE-209 dissipation during rice
growth (Fig. 4B).

3.5 Multivariate statistical analyses of bacteria data

The RDA was further performed to visualize the relationships
between the environment factors, the microbial communities
and the treatments (Fig. 5). In the ryegrass group (Fig. 5A), the
BDE-209 dissipation rate was correlated positively with the
concentrations of DOC, DTN, NO;~ and NH,* and the activity
of catalase, but negatively with the concentrations of Fe**

The DOC, DTN and NO3™ were the major factors influencing
bacterial community composition in the rhizosphere of the
RyG treatments of aged-contaminated and of the RyGC
treatment of freshly-spiked soils. In comparison, NH,* was the
major factor in the Ry and RyG pf the aged-contaminated and
the freshly-spiked soils, respectively. The activity of dehy-
drogenase and Fe?" mostly affected the treatments with
compost addition, including RyC of both polluted soils, and
RyGC of aged-contaminated soils. By contrast, all the
environment factors showed little influence on the CK-Ry
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Abbreviations for treatments are as Table 1 and Fig. 1.
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Fig. 5 Redundancy analysis (RDA) of the bacteria data with environmental variables in soils of ryegrass (A) and rice (B) experiments.
Symbols: “BDE-209": BDE-209 dissipation rate percentage; “F62+," “Fe3+,“ “‘DOC,” “DTN,” “NO3 " and “NH4+": Concentration of the Fe2+,
Fed* ,DOC, DTN, NO5 ™ and NH,", respectively; “Dehydrogenase” and “Catalase”: Activity of the dehydrogenase and catalase, respectively.

Abbreviations for treatments are as Table 1 and Fig. 1.

treatments of both polluted soils, and in the Ry treatment of
freshly-spiked soils. In the rice group (Fig. 5B), the BDE-209
dissipation rate was positively correlated with the concentra-
tions of DOC and Fe®* and the activity of catalase, but
negatively with the concentration of NH,*. The concentration
of DOC and the activity of catalase were the main factors
influencing bacterial community composition in rhizosphere of
the RiC, RiG and RiGC treatments of aged-contaminated soil,
and of the RIiGC of freshly-spiked soil. The activity of
dehydrogenase influenced the freshly-spiked RiC, and the
concentration of NH," influenced the freshly-spiked Ri.
However, bacterial communities of the aged-contaminated

CK-Ri, and the freshly-spiked CK-Ri and RiG treatments were
little affected by all the environment factors.

4 Discussion
4.1 Dissipation process of BDE-209 in soils and plants

Plants can enhance the dissipation of OCs by various
processes, like immobilization, removal, and promotion of
microbial degradation (Megharaj et al., 2011). In our study, the
BDE-209 removal was verified to be dependent on plant
species, pollution condition and agronomic practices, and
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between rhizosphere and non-rhizosphere (Table 1 and
Fig. 1). There was no BDE-209 detected in shoots of the
plants grown in aged-contaminated soils, and only fewer
BDE-209 was found in shoots of the plants grown in freshly-
spiked soils, with the accumulated amount less than the
millesimal of total amount in the system (Table 2). This result
was in accordance with the previous reports showing that
plants (e.g. ryegrass) could take up and accumulate BDE-209
from contaminated soils but had a low root-to-shoot transloca-
tion efficiency (Huang et al., 2010; Xie et al., 2013). Mean-
while, the amount accumulated by the roots of ryegrass (0.68
Mg in total, calculated based on Table 2) was over three times
greater than that by rice (0.22 ug in total, calculated based on
Table 2) in the freshly-spiked treatments (Table 2). Although
the contribution of plants through root uptake for depletion of
BDE-209 was limited, the results suggest that the ryegrass
has higher uptake capacity than the rice, and that the
translocation efficiency of BDE-209 from soil to root and
further to shoot depends on plant species, pollutant conditions
and agronomic practices (Huang et al., 2010; Xie et al., 2013).
Besides, the addition of compost and/or AMF decreased the
root uptake efficiency. This was likely due to their effect in
promoting rhizospheric dissipation of BDE-209 in the soils.
As previously reported, plants have a range of advantages
in the dissipation of PBDEs including BDE-209 in soils (Huang
et al.,, 2010; Wang et al., 2014; He et al., 2015), and the
dissipation of OCs varied with its proximity to the roots (He et
al., 2005, 2009; Wang et al., 2011a). Our results showed that
regardless of plant species (ryegrass and rice), the concen-
tration of BDE-209 was lower in rhizosphere than in non-
rhizosphere in all treatments, but the difference was only
significant in the aged-contaminated soils growing ryegrass
(Table 1 and Fig. 1). As shown by the PCA results of Fig. 2, the
rhizosphere and non-rhizosphere soils under ryegrass were
significantly separated in different clusters (Fig. 2A and 2B);
and additional amendment of compost and/or AM fungal
inoculation enhanced the dissipation of BDE-209 to a greater
extent in rhizosphere than in non-rhizosphere (Table 1). A
synergistic effect of AMF and plant rhizosphere in improving
the dissipation of pentachlorinated biphenyls was also verified
previously (Qin et al., 2014). In comparison, there was no
obvious distinction between rhizosphere and non-rhizosphere
soils under rice plants, with the only exception of the discrete
rhizosphere soils of RiGC treatment that exhibited the highest
removal rate of BDE-209 (Fig. 2A and 2B). Different cluster
effects for rhizosphere and non-rhizosphere soils between
ryegrass and rice groups suggest that the rhizosphere effect
was greater in ryegrass than in rice. This might be ascribed to
specific plant types and associated microbial communities
around plant roots (Wang et al., 2011a; Qin et al.,, 2014).
Smaller rhizosphere effect of rice as shown by the little
difference in BDE-209 depletion between rhizosphere and
non-rhizosphere during rice growth might also be ascribed to
the radial oxygen release function of rice root, which might
lead to changes in anaerobic status, thereby reduced the
debromination intensity in rice root surroundings and thus

partly offset the positive effect of rice root exudates in
facilitating BDE-209 removal.

In the rice group, simultaneous inoculation of G. mosseae
and addition of compost facilitated the dissipation of BDE-209
mostly in both aged-contaminated and freshly-spiked soils (an
average removal of 38.9% for RiGC). On the contrary, in the
ryegrass treatment group, simultaneous addition of compost
with G. mosseae inoculation decreased the dissipation rate of
BDE-209 (an average removal of 18.2% for RyGC), as
compared to the highest removal treatment with only G.
mosseae inoculation in both aged-contaminated and freshly-
spiked soils (an average removal of 34.5% for RyG) (Table 1
and Fig. 1). This suggests that the improved remediation
effect through different agronomic practices (in this case, e.qg.
only inoculation with G. mosseae, or simultaneous addition of
compost and inoculation of G. mosseae) is plant-species
specific.

Differences in hygrophilous and xerophilous species would
generate a contrasting anaerobic or aerobic effect, thereby
altering the rhizospheric dissipation response of BDE-209
following addition of compost and inoculation of AMF. Usually,
compost can offer large amounts of nutrients during plant
growth, so it improves the growth of plant and increases soil
microbial activities, so as to enhance remediation efficiency
(Walker et al., 2004). Kastner et al. (1995) observed that the
addition of mature compost accelerated the depletion of
hydrocarbons because of the facilitated microbial mineraliza-
tion and the formation of non-extractable bound residues.
Cheng and Wong (2008) also showed the application of pig
manure compost enhanced the removal of pyrene. Anaerobic
composting with pig manure accelerated the dechlorination of
PCB in the contaminated soil (Zhang et al., 2013), which may
support our results regarding the efficiency in BDE-209
dissipation in the rice treatments with compost addition. In
our study, under aerobic soil condition during the growth of
ryegrass, addition of compost might increase the respiratory
metabolism of aerobes, thereby consuming most of the
oxygen so as to inhibit the aerobic degradation of BDE-209
partly. Meanwhile, the addition of compost under aerobic soil
condition might facilitate the transformation of BDE-209 from
un-extractable to extractable residues, thereby increasing the
proportion of the extractable BDE-209 so as to reduce the
apparent dissipation rate that was calculated on the basis of
extractable amount. Additionally, the dissipation rates of BDE-
209 were higher in the G. mosseae-inoculated treatments in
comparison with the corresponding non-mycorrhizal treat-
ments under both ryegrass and rice, especially under the
growth of ryegrass in aged-contaminated soils that exhibited
significant difference (Table 1 and Fig. 1). The similar findings
have also been reported previously. For example, Kuo et al.
(2014) found the B. pilosa inoculated with G. mosseae was
able to increase degradation of petroleum hydrocarbons by
9% in soils after 64 days. Qin et al. (2014) showed that AMF
could enhance bph gene abundance and the growth of
specific bacterial groups so as to enhance PCB dissipation.

As for the dissipation differences in pollution doses,
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Megharaj et al. (2011) suggested that the toxicity of pollutants
on plant growth was concentration-dependent, with the effects
differing among plant species. Our results revealed that the
removal rates of BDE-209 in the low pollution condition (aged-
contaminated soils) were higher than those in high pollution
condition (freshly-spiked soils) for both plant species (Table 1
and Fig. 1). In particular, no significant differences in BDE-209
dissipation rates between rhizosphere and non-rhizosphere
were exhibited either in ryegrass or rice groups in freshly-
spiked soils. Possible reasons might be lie on: First, the
indigenous microbes had already been adapted to BDE-209
stress of low concentration in aged-contaminated soils, while
they might be still suffering from BDE-209 stress of high
concentration when freshly spiked into the soils. Secondly, the
rapid degradation rate by soil microorganisms and assimila-
tion proportion by plants under low pollution stress (He et al.,
2015). In addition, the relatively high pollution stress inhibited
the growth of plant (as evidence by decrease in the plant
biomass of freshly-spiked soils relative to that of aged-
contaminated soils, Table 2), thereby diminished the rhizo-
sphere effect. Furthermore, the relatively high pollution stress
inhibited some microbial growth and thus decrease the
abundant of the microbial communities;

Besides the influence of plant growth, environment factors
can also influence the microbial communities and thereby the
removal of BDE-209. It was revealed that DOC usually acts as
electron donors whereas NO;~ and Fe®' as electron
acceptors participating in the microbial dehalogenated
respiration (Kotik et al., 2013; Xu et al., 2014, 2015; He et
al., 2015). He et al. (2015) found that both NO3~ and Fe®*
inhibited BDE-209 dissipation in either rhizosphere or non-
rhizosphere, of which NO3 ™ affected more significantly than
Fe3* . Our results indicate that in aerobic conditions, Fe3*
inhibited BDE-209 dissipation in all treatments, while NH,"
increased BDE-209 dissipation, especially in the treatments
with G. mosseae inoculation (Fig. 5). Redundancy analysis
indicated that in anaerobic conditions, both NO;~ and NH,"
could inhibit BDE-209 dissipation, while other environmental
factors showed a promoted effect (Fig. 5). This was likely
ascribed to the competitive consumption of available electron
donors by NO5~ and Fe** splitting the electron to denitrifica-
tion and iron reduction instead of dehalogenation (Xu et al.,
2015, 2017; Xue et al., 2017), thereby suppressed the
depletion of BDE-209 through reductive debromination. In
addition, a striking similarity between PBDEs and other
halogenated compounds (e.g. PCBs) about dehalogenation
studies was observed in previous studies (Gerecke et al.,
2005; He et al., 2006; Robrock et al., 2009). Plants could bring
in many nutrients which were beneficial for development of
microbes, thus enhancing the dissipation of BDE-209. The
DOC, DTN and the activity of catalase and dehydrogenase
had the abilities to enhance dissipation of BDE-209, with the
influence of DOC as the relatively important factor in all
treatments (Tables 3 and 4, and Fig. 5). The catalase was
usually found in aerobic bacteria and most facultative anae-
robes but absent in obligate anaerobes (Shiyin et al., 2004),

consistent with our study that the catalase was more active in
soils growing ryegrass than growing rice plants. A previous
study revealed that the dehydrogenase was an enzyme
capable of influencing soil's microbial activity and the
dissipation rate of BDE-209 (Garcia-Orenes et al., 2010; He
et al.,, 2015). According to our results, compost addition
increased the activity of dehydrogenase (P <0.05), suggest-
ing that compost addition might be an important source of
dehydrogenase, thereby further affecting the reductive deb-
romination process of BDE-209.

4.2 Changes of microbial communities during BDE-209
removal

To develop effective remediation strategies for contaminated
soils requires detailed understanding regarding the microbial
community responses to changes during remediation pro-
cesses. In our study, microbiota in the rhizosphere of both
ryegrass and rice were dominated by the phyla of Proteo-
bacteria, Actinobacteria and Gemmatimonadetes, repre-
sented by the taxa related to Xanthomonadales, Actinomy-
cetales and Gemmatimonadales in both treatment groups
(Fig. 3). And the top phyla in rhizosphere included Proteo-
bacteria, Actinobacteria, Acidobacteria, Gemmatimonadetes,
Bacteroidetes, Firmicutes, Chloroflexi and Planctomycetes
(Fig. 3A and 3C). These were previously verified as the
members that made up most of the bacterial diversity of soil
microbiota (Edwards et al., 2015). At the order level,
Actinomycetales, Burkholderiales and Sphingomonadales
were enriched in the efficient BDE-209 dissipation treatments
in both ryegrass and rice groups (Fig. 3B and 3D). This
revealed the possibility of these microbial groups regarding
their potential of survival and persistance under the pollution
stress of BDE-209 or even capable of stimulating the removal
of BDE-209 during plant growth (Fig. 3). Previous studies also
revealed that Actinomycetales, Burkholderiales, Sphingomo-
nadales and Xanthomonadales were dominated at the order
level in PCB- or PAH-contaminated soils (Bourceret et al.,
2016; Qin et al., 2016; Festa et al., 2016). Their consistently
enriched response under ryegrass and rice growth suggested
that they might work in a synergetic way for BDE-209 removal.
At the detectable genus level, Rhodanobacter was one of the
most abundant microbial group in all treatments, especially in
the rice group. This genus has been previously reported with
an ability to persist in the polluted niche due to its ability to
acquire carbon from OCs (Uhlik et al., 2012) and has been
verified to be associated with the degradation of PAHSs,
chlorobenzoates, or certain pesticides, benzoate directly in
soils (Gentry et al., 2004; Uhlik et al., 2012). Meanwhile,
previous studies have verified that the genera of Sphingomo-
nas (Kim et al., 2007), Burkholderia, Rhodococcus (Robrock
et al., 2009) and Lysinibacillus (Deng et al., 2011) that belong
to the dominant orders mentioned above were capable of
degrading PBDEs. However, there were no significant
enrichment exhibited by these genera in our study. This
might be due to differences in soil type and indigenous
microbial community structure.
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Besides the change of microbial communities induced by
ryegrass and rice growth, inoculation of G. mosseae and/or
compost addition under different pollution conditions during
plant growth also jointly influenced the rhizosphere micro-
biota. The treatments with G. mosseae inoculation and/or
compost addition affected a number of bacterial orders in the
soils, including Acidobacteriales, Actinomycetales, Clostri-
diales, Sphingomonadales, Cytophagales, Gemmatimona-
dales, Xanthomonadales and Saprospirales. The similar
phenomena were also observed in early studies (Nissila et
al.,, 2011; Schmalenberger et al., 2013; Hervé et al., 2014;
Shabarova et al., 2014; Krustok et al., 2015). The Actinomy-
cetales and Xanthomonadales were significantly abundant in
the treatments with compost and G. mosseae, representing
over the one fourth of total microbial communities (Fig. 3).
Xanthomonadales was extensively identified in planted soils,
wood substrate and sediments (Aslam et al., 2009; Hervé et
al., 2014; Schmalenberger et al., 2013) and was stimulated
during vermicomposting and might be capable of enhancing
the PCP biodegradation in soil (Lin et al., 2016). Our results
also showed that the bacteria in the orders of Actinomycetale,
Clostridiales, Sphingomonadales and Cytophagales enriched
in the treatments with compost (Fig. 3). Nissila et al. (2011)
revealed that Clostridiaceae (Clostridiales) was mainly
responsible for hydrogen production and cellulose degrada-
tion in compost-enrichment cultures. Clostridiales and Acti-
nomycetales could both contribute to the formation of
communities in the thermophilic stages of composting and
secrete bacterial enzymes to enhance deconstruction of
recalcitrant lignocellulose during composting process (Martins
et al., 2013). Cytophagaceae (Cytophagales) OTUs were
related to different anaerobic conditions, which were also the
main determinants of dissolved organic matter composition
(Shabarova et al., 2014). Adhaeribacter that belongs to
Cytophagaceae was detected as the significant different
taxa (P <0.05) in both ryegrass and rice treatment groups, and
was enriched in compost and/or AMF inoculation treatments
(Fig. 4). Obviously, it was influenced by the agronomic
practices and might be conducive to the dissipation of BDE-
209. It was reported that Adhaeribacter was a generator of
large amounts of extracellular fibrillar material, a concrete
corrosion agent that was able to degrade polymers (Zhang et
al., 2009; Li et al., 2012; Aislabie et al., 2013). Therefore, it
could be a specialized genus in the degradation of complex
products derived from different composts (Calleja-Cervantes
etal.,, 2015). The genus of Gemmatimonas which was actively
involved in the growth of ryegrass had been reported to be a
cellulolytic bacterium (Guo et al., 2016) and might play
important roles in regulating SOC dynamics (Wang et al.,
2017). Actinomycetales, Gemmatimonadetes and Saprospir-
ales were more abundant in the G. mosseae inoculation
treatments compared with that with plants only. Qin et al.
(2014) revealed that the Rhodococcus (Actinomycetales)-like
bphC gene might play an important role in PCB dissipation in
the presence of AMF and the removal process in the AM-
inoculated treatments might be attributed to the exudates

secreted by AM hyphae, which could act as both nutrients and
inducers on soil rhizobia.

We speculated that 1) the members of Actinomycetales,
Burkholderiales, Sphingomonadales and Xanthomonadales
might be the sensitive responders in BDE-209-contaminated
soils during rhizoremediation, and even the active participants
in facilitating the removal of BDE-209 from polluted soils; and
2) agronomic practices such as G. mosseae inoculation and/
or compost addition further enriched the functional bacterial
groups of Clostridiales, Cytophagales, Gemmatimonadales
and Saprospirales, thereby improved rhizoremediation during
the growth of ryegrass or rice.

4.3 Implication for a strengthened rhizoremediation of BDE-
209 polluted farmland soil in typical E-waste dismantling areas

BDE-209 was relatively stable due to its completely bromi-
nated character, so as that anaerobic reductive debromination
is a crucial step for its degradation (He et al., 2015). As verified
by the relevant previous studies, an initial reductive dehalo-
genation and subsequent oxidative cleavage of aromatic ring
and complete mineralization would be an effective way for
facilitating the degradation process of highly halogenated
compounds that have a very stable structure (He et al., 2015;
Arslan et al., 2017; Vergani et al., 2017). The removal of
halogen atoms decreases hydrophobicity of the highly
halogenated compounds and makes their aromatic ring
more susceptible to be cleaved, thereby facilitating the
subsequent aerobic complete mineralization (Ghattas et al.,
2017). It was thus speculated that regulating soil redox status
by sequential wetting-drying management can improve the
remediation effect of BDE-209-contaminated soil due to the
anaerobic-aerobic alternate soil habitat that could induce
increased BDE-209 depletion through initial microbial reduc-
tive debromination to lesser brominated congeners first, and
then followed by aerobic oxidative cleavage of benzene ring.
Therefore, a multi-stage treatment process was proposed to
remit soil BDE-209 pollution around e-waste dismantling
areas using sequentially rice and ryegrass plantation coupling
with relevant agronomic measures including AMF inoculation
and/or compost addition.

5 Conclusion

By combining with G. mosseae inoculation and/or compost
addition, the removal of BDE-209 in soils growing ryegrass or
rice was greatly improved, with the effect regulated by the
plant-microbial interactions that depended on plant species
and pollution conditions. A multi-stage treatment process was
proposed to remit soil BDE-209 pollution around e-waste
dismantling areas using sequentially rice and ryegrass
plantation coupling with relevant agronomic measures includ-
ing AMF inoculation and/or compost addition.
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