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neurological, reproductive, endocrine, and cutaneous dis-
eases, indicating that the presence of PCBs may pose long-
term public health and ecosystem risks (Cogliano 1998; 
Beyer and Biziuk 2009). Although PCB production was 
banned in the late 1970s, PCBs still persist in soil, water, 
and air, becoming an environmental issue worldwide (Zhu 
et al. 2022).

PCBs in contaminated soils and sediments usually show 
a low level. In this case, bioremediation is a cost-effective 
and environmentally friendly approach. With the help of 
microorganisms, while PCBs with fewer chlorine atoms can 
be aerobically metabolized, those with more could only be 
degraded by reductive dechlorination, followed by aerobic 
mineralization of lower-chlorinated products (Field and 
Sierra-Alvarez 2008). To date, dozens of strains that can 
utilize PCBs as a carbon source or energy source have been 
obtained and reported (Xiang et al. 2020). They performed 
quite well on the lab scale, suggesting their potential for 
remediation of contaminated sites (Abraham et al. 2002).

Given the nutritional and environmental conditions 
required for dechlorinating bacteria, constructing an effec-
tive in situ dechlorinating microbial community faces 
many challenges. It was reported that the commercial PCB 
mixture Aroclor1260 could be dechlorinated in mixed cul-
tures only when the cell density exceeds a threshold value 

Introduction

Polychlorinated biphenyls (PCBs) are a family of 209 con-
geners, with six hydrogen atoms alternatively replaced by 
chlorine atoms in different positions. Since their excellent 
property in heat resistance, chemical inertness, and high 
dielectric constant, PCBs had been widely used in industrial 
production as dielectrics, hydraulic fluids, lubricants and 
adhesives (Jahnke and Hornbuckle 2019). However, it has 
been extensively reported that PCBs can negatively cause 
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Abstract
The toxicity of high-chlorinated polychlorinated biphenyls (PCBs) can be efficiently reduced through anaerobic dechlori-
nation. However, this approach suffers a lot in face of in situ microbial remediations, like a shortage of biomass. In this 
study, we showed that the amendment of organic matters could help microbiota in paddy soil with anaerobic dechlorina-
tion and greatly shortened the lag period. The presence of organic matters offered a better environment for dechlorinating 
bacteria. They provided not only a more strictly anaerobic milieu but also copious carbon sources. By using high-through-
put 16S rRNA gene sequencing, genera Dehalobacter, Dehalobacterium, and Desulfitobacterium capable of dechlorination 
were identified in enriched cultures. Taken together, this study proved that extra organic matters can promote anaerobic 
dechlorination in paddy soil slurry microcosm systems, which provides new insights into the bioremediation of PCB-
contaminated soils.
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(AccuStandard Inc., USA) to a final concentration of 40 mg/
kg; the control group CK was added with the same amount 
of Aroclor1260 but sterilized.

Anaerobic dechlorination of PCB116 and PCB153

To investigate the effects of organic matters on the dechlo-
rination process, 15  g of air-dried soil was added with a 
mixture of PCB116 and PCB153 (100 mg/L, dissolved in 
the chromatographically pure acetone) to create the PCB-
contaminated soil in which the concentration of PCBs was 
100 mg/kg. The paddy soil slurry reactor initially consisted 
of 300 g of paddy soil and 150 mL of oxygen-free water. 
For different treatments, 15 g of PCB-contaminated soils or 
25 g of organic fertilizer (organic matter content: 25%) was 
added, respectively. The experiment consisted of four treat-
ments: (i) paddy soil slurry with PCBs only (PCBs-OM), 
(ii) with nothing (CK), (iii) with PCBs and organic matters 
(PCBs + OM), and (iv) with organic matter only (OM). The 
microcosm systems were buffered to pH 7.0, sealed and 
cultivated under magnetic stirring at 30℃. Samples for fur-
ther experiments were collected through the sampling tube, 
freeze-dried and stored at 4℃.

Extraction and determination of PCBs

For paddy soil slurry samples, PCBs in 3.0 g dried soil was 
ultrasonically extracted with hexane/acetone (1:1, v/v) for 
0.5 h. Water, organic compounds and sulfur were removed 
by sequential addition of anhydrous sodium sulfate, florisil 
silicon, concentrated sulfuric acid and copper piece. Quali-
tative and quantitative analyses of PCB congeners were car-
ried out on 7890 A-5975 C GC-MS (Agilent Technologies 
Inc., USA) equipped with an HP-5 capillary column. The 
temperature of the injector and the ion source was 270℃ 
and 230℃, respectively. The temperature program used was 
set as the following: 2 min at 50℃, increase at 20℃/min to 
200℃ and hold for 2 min, increase at 5℃/min to 240℃ and 
hold for 2 min, and finally increase at 3℃/min to 290 ℃ and 
hold for 15 min. For the Aroclor1260 analysis, nine mixed 
standard samples (AccuStandard Inc., USA) containing 209 
congeners (0.1  mg/L for each) were used to identify and 
quantify the PCB congeners. Each congener was scanned 
by GC-MS to identify retention times, fragment ions and the 
most abundant ions. All procedures were rigorously moni-
tored to meet the USEPA requirements.

Quantification of H2 and chloride

The H2 concentration in the paddy soil slurry system was 
determined by hydrogen microelectrode (Unisense Technol-
ogies Inc., Denmark) through the reserved microelectrode 

(Bedard et al. 2007). Indeed, dechlorinating bacteria face 
energy limitations in most environments, where PCBs are 
often in low concentrations. These places are generally 
unable to provide sufficient biomass for dechlorination (Yan 
et al. 2012). In the natural environment, microbes utilizing 
electron acceptors like nitrate and sulfate may become dom-
inant over dechlorinating bacteria. Therefore, in situ micro-
bial remediations for PCB-contaminated soils still requires 
further investigation.

The dechlorination of PCBs requires a low redox poten-
tial. As the largest artificial wetland in Asia, paddy fields 
could provide favorable conditions for dechlorination. Our 
previous study depicted the role of paddy fields as natural 
sequential anaerobic-aerobic bioreactors for the transforma-
tion of PCBs, as well as its superiority for PCBs dechlorina-
tion under redox conditions (Chen et al. 2014a, b). Besides, 
it was reported that PCB-degrading activity had been 
successfully maintained for more than 3 years in a static 
flooded soil medium from Japanese paddy soil (Baba et al. 
2007). Hence, research on the dechlorination of PCBs in 
paddy soil and other natural anaerobic wetlands owns prac-
tical significance.

The object of this study is to explore the effects of 
organic matters in the dechlorination process in a paddy soil 
slurry microcosm system. By adding extra organic matters, 
we concurrently investigated the dechlorination of PCBs 
and the mineralization of organic matters in paddy soil. Eh 
and pH were measured, and the dechlorination process was 
monitored by the changes in the concentration of H2, Cl- and 
PCBs. Moreover, variations in the structure of microbial 
communities under methanogenic conditions were also ana-
lyzed by using high-throughput 16S rRNA gene sequencing. 
Our study not only proves the important role of organic mat-
ters in PCB dechlorination but also provides a theoretical 
basis for the optimization of in situ microbial remediations.

Materials and methods

Anaerobic dechlorination of Aroclor1260

The paddy soil for the experiment was collected from a 
PCB-contaminated paddy field in Taizhou, Zhejiang, China, 
where a large amount of electronic waste was recycled 
nearby. The soil was firstly sorted as silty clay for use. To 
explore the natural dechlorination of paddy soil, a slurry 
reactor was constructed as the following: 250  g paddy 
soil, 70  g organic fertilizer and 600 mL ultrapure water 
were added into a 1000 mL brown jar, which was sealed 
and cultivated at 30℃. The experiment consisted of three 
groups: group A went without the addition of Aroclor1260 
and sterilization; group B was added with Aroclor1260 
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mL medium, 0.5 g paddy soil, Aroclor1260 (30 mg/L), and 
2,6-dibromobiphenyl (30  mg/L). Initial microcosms were 
transferred to fresh enrichment cultures at 20% (v/v) after 
60 days of cultivation. Subsequently, the following cultiva-
tion was carried out on a cycle of approximately 60 days. 
A control group (CK) without acetate was set. All cultures 
were buffered to pH 7.0 and incubated in dark at 30℃.

16S rRNA gene high-throughput sequencing

To explore the microbial composition of enrichment cul-
tures, high-throughput 16S rRNA gene sequencing was 
conducted. Enrichment cultures transferred two or three 
times were centrifuged at 13,000×g for 15 min. The super-
natants were discarded, and the pellets were collected. DNA 
in pellets was extracted using PowerSoil DNA Isolation 
Kit (MOBIO Laboratory, USA) under the manufacturer’s 
protocol. The V3 region of 16S rRNA in each sample was 
chosen, and corresponding genes were amplified by using 
primers 338F and 518R. Sequencing was then conducted on 
the platform Illumina.

Statistical analysis

For all microcosm systems, no biological replicates were 
set. Instead, three independent replicates were collected 
from the sample and tested. The results were expressed 
as the mean values of three experimental replicates with 
standard deviations (if applicable) and were compared by 
Student-Newman-Keul’s multiple comparison test. All sta-
tistical analysis and plotting were carried out by using the 
software GraphPad Prism v9.1.1.

channel under the manufacturer’s instruction. Besides, the 
chloride ion concentration was determined via Dionex ICS-
1100 ion chromatography (Dionex Inc., USA) using exter-
nal standards (R2 = 0.999).

Fourier transform infrared (FT-IR) test

For the detection of the functional groups of organic mat-
ters, FT-IR spectra were recorded using an IR Prestige-21 
FT-IR Spectrometer (Shimadzu Inc., Japan) on KBr pellets. 
KBr pellets were obtained by pressing uniformly prepared 
mixtures of 1 mg sample and 200 mg KBr (spectrometry 
grade). N2 was filled during the spectra recording. The 
range of the scanned wavenumbers was set as 400 cm-1 to 
4000 cm-1, and the resolution was set as 4 cm-1. At least two 
KBr pellets of each sample were prepared and determined 
in parallel.

Enrichment cultivation

The mineral medium for enrichment culture contained the 
following gradients per liter: 3 g NH4HCO3, 0.18 g NH4Cl, 
0.9 g NaCl, 0.45 g K2HPO4, 0.45 g KH2PO4, 1 g yeast pow-
der, 0.17 g MgCl2·6H2O, 0.12 g CaCl2·2H2O, 0.3 g L-Cys-
teine hydrochloride, 0.3 g Na2S·9H2O, 1 mL trace element 
solution (20 g FeCl3·6H2O, 6 g MnCl2·5H2O, 0.1 g H3BO4, 
0.08 g CuCl2·2H2O, 1 g CoCl2·6H2O, 0.08 g ZnCl2, 0.1 g 
Na2MoO4·2H2O per liter) and 1 mL vitamin solution (10 mg 
p-aminobenzoic acid, 50 mg riboflavin, 50 mg biotin, 50 mg 
niacin, 20 mg folic acid, 100 mg pyridoxine hydrochloride, 
5 mg cobalamin and 50 mg thiamine per liter). For the initial 
microcosms, serum bottles were supplemented with 50 mL 
medium, acetate (100 mM), Aroclor1260 (4 mg/L) and 5 g 
of paddy soil, and incubated with an active methanogenic 
enrichment culture at 10% (v/v). For following enrich-
ment cultures, serum bottles were supplemented with 20 

Fig. 1  Microbiota in paddy soil slurry systems successfully dechlorinated Aroclor1260, and the concentration of Cl− significantly raised. (a) Resi-
dues of PCB congeners in group B and (b) the concentration of Cl− in three groups at the end of the experiment. Group A went without the addition 
of Aroclor1260 and sterilization; group B was added with Aroclor1260 to a final concentration of 40 mg/kg; the control group CK was added with 
the same amount of Aroclor1260 but sterilized
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and degraded by anaerobic microbes in paddy soil slurry 
systems.

Amendment of organic matters enhanced the 
dechlorination of PCBs

To explore the role of organic matters in the process 
of dechlorination, two high-chlorinated PCB congeners, 
PCB116 and PCB153, were chosen as electron acceptors. 
Chemical characteristics of the paddy soil slurry systems 
were manipulated by amending organic matters. It was dis-
covered that significant dechlorination of PCBs in group 
PCBs + OM mainly took place during 0 ~ 24 d and 95 ~ 124 
days (Fig. 2a), while group PCBs-OM had a lag period of 
approximately 95 days (Fig.  2b). Although the residual 
amounts of PCB116 and PCB153 did not show much dis-
parity , the higher concentration of Cl- in group PCBs + OM 
implied that more Cl- were detached from PCBs (Fig. 2c). 
This suggested that extra organic matters could shorten the 
lag period of anaerobic dechlorination.

In group PCBs + OM, the amendment of organic mat-
ters has kept the Eh in the range of -200 mV to -300 mV 
(Fig.  2d), while the Eh in group PCBs-OM was between 
− 100 mV and − 150 mV. As shown in Fig. 2e, the pH was 
higher in groups PCBs + OM and OM. In groups OM and 
CK, the concentrations of H2 consistently increased, and 
the consumption of hydrogen possessed a strong connection 
with the dechlorination of PCBs (Fig. 2f). On day 28, The 
concentration of hydrogen in groups PCBs + OM and PCBs-
OM was 4.69 nmol/L and 27.20 nmol/L, respectively. The 
concentration changed to 71.86 nmol/L and 15.17 nmol/L 
at the end of the cultivation. In summary, the amendment 

Results

Anaerobic microbes in paddy soil slurry systems 
successfully dechlorinated Aroclor1260

The paddy soil slurry microcosm systems with or with-
out exogenous Aroclor1260 were constructed to investigate 
anaerobic microbes’ ability to dechlorinate various kinds 
of PCBs. With time going by, in group B, Aroclor1260 
was gradually dechlorinated in systems, and the amounts 
of Aroclor1260 dechlorinated on day 14, day 44, and day 
73 were 21.8%, 33.4%, and 37.8%, respectively (Fig. 1a). 
The changes in high-chlorinated PCBs and low-chlori-
nated PCBs showed significant differences. Residuals of 
hexa-, hepta-, and octa-chlorobiphenyl were decreased, the 
amounts of which decreased on day 73 were 25.1%, 51.7%, 
and 24.6%, respectively. However, the residual of penta-
chlorobiphenyl did not show signs of dechlorination. On 
the contrary, residuals of low-chlorinated PCBs containing 
less than five chlorines increased, and were 2.5 ~ 13.5 times 
higher than that in the initial state, indicating the occur-
rence of the anaerobic dechlorination Aroclor1260. Taken 
together, in the paddy soil slurry microcosm systems, high-
chlorinated PCBs were gradually transformed into low-
chlorinated ones.

In addition to the decrease of high-chlorinated PCBs, it 
was found that at the end of the experiment, the concen-
tration of Cl- in group A was 834.0 mg/L (Fig. 1b), almost 
equivalent to that in control group CK (840.8 mg/L). On the 
contrary, this value reached 1244.1 mg/L in group B, signifi-
cantly higher than the other two groups. This again provided 
evidence that Aroclor1260 was successfully dechlorinated 

Fig. 2  Resides of PCB116 (a) and PCB153 (b) with or without the addition of organic matters. (c) Changes in the concentration of Cl− under natural 
or enhanced conditions. Changes in Eh (d), pH (e) and concentrations of H2 (f). OM: organic matters
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of the band at 1730 cm-1 (C = O stretching of carbonyl func-
tional groups) relative to that at 1040 cm-1 (C-O stretching 
of polysaccharides), which might represent the changes in 
organic acids. It was clear that organic acids were consumed 
in group PCBs + OM but accumulated in group PCBs-OM. 
Another general feature of the spectra was the peaks at 
2920 cm-1 to 2850 cm-1, which could be annotated as char-
acteristic peaks of aliphatic organics. The peak at 800 cm-1 
due to the out-of-plane bending vibration of aromatic C-H 
became sharper, inferring its involvement in the dechlorina-
tion of PCBs.

Changes in the microbial components under 
methanogenic conditions

Enrichment cultures under the methanogenic condition 
were constructed, and high-throughput 16S rRNA gene 
sequencing was performed on the initial microcosm (CK), 
G-II and G-III to see changes in the microbial components 
(Fig. 4). Thirteen bacterial phyla were identified from three 
communities, whose microbial components showed differ-
ent patterns. In CK, microbes belonged to Firmicutes (58%), 

of extra organic matters created a more strictly anaerobic 
environment for the dechlorinating activities.

Changes in the functional groups of organic matters

FT-IR was used to investigate the changes in the func-
tional groups of organic matters in paddy soil slurry systems 
(Fig. 3). The band near 3400 cm-1 was the typical charac-
teristic of O-H stretching of hydrogen-bonded O-H groups 
in polysaccharides, and the presence of peaks at 2920 cm-1 
and 2850 cm-1 was associated with the asymmetric stretch-
ing and stretching vibrations of -CH2- in aliphatic chains. 
A peak at 1730  cm-1 was generally ascribed to the C = O 
stretching of carbonyl functional groups, and a strong band 
at 1040  cm-1 was ascribed to the C-O stretching of poly-
saccharides. The peak at 800  cm-1 was due to the out-of-
plane bending vibration of C-H of aromatics (Cocozza et 
al.,2003; Qin et al.,2010; Senesi et al., 1989). The FT-IR 
spectra dictated that two soil samples both contained sub-
stances like proteins, carboxylic acids, alkanes, aromatics 
and polysaccharides. One of the major differences between 
group PCBs + OM and group PCBs-OM was the intensity 

Fig. 4  Relative abundance of enrichment cultures at the second generation (G-II), the third generation (G-III) as well as the control group (CK) 
in the phylum level

 

Fig. 3  The IR spectra of the groups PCBs-OM and PCBs + OM at day 0 and day 124, respectively. OM: organic matters
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Therefore, extra organic matters could enhance the adsorp-
tion of PCBs and increase their solubility and bioavail-
ability. The input of exogenous organic matters not only 
produced more reducing substances but also enhanced the 
carbon cycle in which anaerobic bacteria participated. All 
these helped create a more anaerobic milieu (Eh≤-200 mV) 
suitable for the growth of dechlorinating bacteria. In addi-
tion to creating the ideal anaerobic milieu, organic matters 
could also offer dechlorinating bacteria with copious carbon 
sources. Due to the existence of other microbes, dechlori-
nating bacteria grew much better than in pure culture condi-
tions (Men et al. 2014). Based on the results discovered in 
this study, we infer that different microbes took advantage 
of various carbon sources and converted lots of organic 
compounds into acetate and other substrates, which were 
subsequently accessible for dechlorinating bacteria.

The reductive dechlorination requires electron donors, 
which are often provided by organic substrates through 
microbial systems (Nies and Vogel 1990). It was reported 
that the addition of fatty acids (acetate, propionate, butyr-
ate and hexanoic acid) significantly promoted dechlorina-
tion in sediment slurries of the Huston River (Alder et al. 
1993). Similar results were also observed in marine sedi-
ment samples by supplying lactate (Matturro et al. 2016). 
Indeed, several studies have shown dechlorinating bacte-
ria’s weak ability to synthesize specific amino acids, which 
might be available from the decomposition of proteins dur-
ing the mineralization of organic matters (Zhuang et al. 
2011, 2014). Notably, hydrogen is an effective electronic 
donor during dechlorination and can foster dechlorinating 
bacteria’s growth (Sokol et al. 1994; Rysavy et al. 2005). 
It was confirmed that the dehalogenators competed best 
against methanogens and homoacetogens when the level 
of hydrogen was 2 ~ 11 nM (Yang and McCarty 1998). As 
shown in our results, the amendment of organic matters pro-
vides more substrates for the production of hydrogen, thus 
providing a continuous supply for dechlorination and, at the 
same time, rapidly creating a low hydrogen partial pressure 
suitable for dechlorinating bacteria.

Microbial composition of the enrichment culture

Cocultured with Clostridium spp. and Methanosarcina 
barkeri, Dehalobacter restrictus was reported to dechlo-
rinate 38% of the total chlorines of Aroclor1248 within 6 
weeks (Oh et al. 2008). Desulfitobacterium dehalogenans 
and Desulfitobacterium PCE1 could also convert lactate to 
acetate, which is linked to the reduction of humic substances 
(Cervantes et al. 2002). Besides, the formation of OH-
PCB by cytochrome P450 in Bacillus subtilis after expo-
sure to PCBs was recently reported (Sun et al. 2018). The 

Bacteroidetes (18%), Euryarchaeota (10%), Proteobacteria 
(6%) and Chloroflexi (1%). In G-III, the relative abundance 
of Firmicutes increased to 84%. Besides, the main genera 
belonging to Firmicutes included Clostridium, Sedimenti-
bacter, Syntrophomonas, and Desulfosporomusa (Supple-
mentary Excel File), indicating their potential role in the 
dechlorination process. Notably, several reported dechlori-
nating bacteria including Dehalobacter, Dehalobacterium, 
and Desulfitobacterium were also detected. They may be in 
charge of the majority of clearance work.

Discussion

Anaerobic dechlorination of Aroclor1260 by the 
paddy soil slurry

In paddy soil slurry microcosm systems with Aroclor1260, 
the content of high-chlorinated PCBs decreased, while that 
of low-chlorinated PCBs increased, indicating the occur-
rence of anaerobic dechlorination. Since high-chlorinated 
PCBs owned a redox potential as high as 260 mV ~ 570 mV 
(Dolfing and Harrison 1992), they were more likely to be 
deoxidized as electron acceptors under an anaerobic envi-
ronment. Therefore, PCB congeners containing more than 
four chlorines were inclined to be the target of anaerobic 
dechlorinating reactions (Field and Sierra-Alvarez 2008). 
In this experiment, hexa- and hepta-chlorobiphenyl conge-
ners were preferentially used as electron acceptors and as a 
result, low-chlorinated congeners and Cl- were produced as 
products.

Amendment of organic matters benefits the 
dechlorination

Under anaerobic conditions, bacterial activities involved in 
the mineralization of organic matters included hydrolysis, 
acidification, acid decomposition and methane production, 
all of which led to the release of various organic acids, small 
molecule substances and hydrogen. Interestingly, we found 
that amending organic matters greatly shortened the lag 
period of anaerobic dechlorination, accelerating the process. 
PCBs have low solubility in water but a high tendency to 
adsorb on particles, which makes them extremely difficult 
to be removed from soil and sediment matrices (Passatore et 
al. 2014). To some extent, pH could influence the adsorption 
of PCBs to organic matters. If pH was appropriate, PCBs 
could disperse in the solid-liquid system, which improves 
their bioavailability (Jota and Hassett 1991). Consistent 
consumption of organic acid made pH stable in the range 
of 7.0 ~ 7.5, which was an optimal pH range for the over-
all removal of chlorines in PCBs (Wiegel and Wu 2000). 
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