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Abstract
Polychlorinated biphenyls (PCBs) are typical lasting organic pollutants. Persistence and recalcitrance to biodegradation of 
PCBs have hampered the transformation of PCB congeners from the environment. Biological transformation of polychlo-
rinated biphenyls could take place through anaerobic dechlorination, aerobic microbial degradation, and a combination of 
transformation of anaerobic dechlorination and aerobic degradation. Under anaerobic conditions, microbial dechlorination 
is an important degradation mode for PCBs, especially high-chlorinated congeners. The low-chlorinated compounds formed 
after reductive dechlorination could be further aerobically degraded and completely mineralized. This paper reviews the 
recent advances in biological degradation of PCBs, introduces the functional bacteria and enzymes involved in the anaerobic 
and aerobic degradation of PCBs, and discusses the synergistic action of anaerobic reduction and aerobic degradation. In 
addition, the different ways to the microbial remediation of PCBs-contaminated environments are discussed. This review 
provides a theoretical foundation and practical basis to use PCBs-degrading microorganisms for bioremediation.
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Introduction

Polychlorinated biphenyls (PCBs) are chlorinated organic 
compounds in which the hydrogen atoms in biphenyls are 
replaced by one or more chlorine atoms. PCBs are often 
widely used in industrial, commercial, and agricultural fields 
because of their excellent physical and chemical properties 
(Jahnke and Hornbuckle 2019). However, environmental 
and health issues caused by PCBs obsolescence and leak-
age are increasing due to the widespread use of commercial 
PCB mixtures (Warenik-Bany et al. 2019; Frederiksen et al. 
2020). PCBs can do damage to the health of organisms and 
even trigger cancer, according to various human and ani-
mal studies (Tomza-Marciniak et al. 2019; Klocke and Lein 
2020).

Bioremediation is a green economy and promising reme-
diation technology that can make up for the shortcomings of 
physical and chemical remediation technologies (Lehtinen 

et al. 2014). Microorganisms are an important part in the 
remediation of the PCBs-polluted environment. Bacterial 
degradation of PCB congeners could occur through anaero-
bic reductive dechlorination, aerobic metabolic degradation 
(bacterial co-metabolism or bacterial growth on PCBs as 
sole carbon and energy source), or the coupling of anaerobic 
dechlorination and aerobic degradation (Field and Sierra-
Alvarez 2008). The number of PCB chlorine substitutions 
and the toxicity of PCB pollutants are reduced via anaerobic 
dechlorination. In a one-year biodegradation of microcosms 
containing PCBs-contaminated sediments, high-chlorinated 
PCBs were observed to decrease, but trichlorobiphenyls 
(triCBs) and tetrachlorobiphenyls (tetraCBs) increased (Mat-
turro et al. 2016b). This not only reduced the environmental 
risk but also enabled high-chlorinated PCBs to be more eas-
ily degraded by aerobic microorganisms. Then, most aero-
bic bacterial groups could partially oxidize low-chlorinated 
PCBs to chlorobenzoic acid, and even complete minerali-
zation. However, only a small quantity of dechlorinating 
bacteria and related reductive dehalogenases have been iso-
lated or characterized at present, and as a result there is less 
information available on bacteria responsible for anaerobic 
reduction of PCBs (LaRoe et al. 2014). On the contrary, the 
process of aerobic oxidation of PCBs is well understood; 
numerous bacterial degradation strains have been isolated 
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and functional genes encoding for various enzymes have 
been published (Wang et al. 2018; Hirose et al. 2019).

There has been a range of research published into the 
degradation mechanisms of PCBs transformation, intend-
ing to promote the understanding of the bioremediation 
of PCBs-polluted locations. In this paper, we illustrate the 
aerobic degradation and anaerobic reduction of PCBs that 
displays the recent advances in PCBs degradation, focusing 
on specific degradation bacteria and the description of their 
key active enzymes. In addition, the different ways to the 
microbial remediation of PCBs-contaminated environments 
are discussed.

Anaerobic degradation of PCBs

Bacteria involved in anaerobic degradation

Qrganohalide-respiring bacteria (OHRB) which apply PCBs 
as substrates for organohalide respiration activity mainly 
are the members of Dehalococcoides mccartyi, belonging 
to phylum Chloroflexi (Table 1). Non-obligate organohal-
ide respirers capable of PCBs dechlorination have not been 
reported. There are only a few anaerobic PCBs dechlorin-
ating bacteria that have been isolated to date, and this is 
largely due to the difficulty in growing these bacteria and 
the requirements for the maintenance of the anaerobic envi-
ronment. Dehalococcoides has been divided into three sub-
groups named Cornell, Victoria, and Pinellas according to 
specific base differences in variable regions 2 and 6 of 16S 
rDNA sequence (Hendrickson et al. 2002). The first strain 
D. mccartyi 195 was isolated from Cornell, so the sequences 
of rDNA that had the same base substitutions with D. mcca-
rtyi 195 were named Cornell subgroup. Likewise, the rDNA 
sequences that were identical to the representative rDNA 
sequences from Victoria and Pinellas were divided into 
members of Victoria group and Pinellas group, respectively 
(Hendrickson et al. 2002). The majority of PCBs dechlorin-
ating bacteria belong to the Pinellas subgroup, including D. 
mccartyi CBDB1, JNA, CG5, and 195. D. mccartyi CG1 in 

subgroup Victoria and D. mccartyi CG4 in subgroup Cornell 
are also PCBs dechlorinating bacteria.

Dehalococcoides mccartyi strains are considered to be 
the preferred microorganisms for organochlorine microbial 
dechlorination. However, most dechlorinated cultures must 
maintain the dechlorination of PCBs with the help of media 
such as sediments, due to the extremely low bioavailability 
of PCBs and the slow growth of PCBs dechlorination bacte-
ria (Bedard et al. 2007). D. mccartyi CBDB1 and some PCB 
dechlorinated cultures can only dechlorinate Aroclor 1260 
under conditions using silicon powder as a sediment substi-
tute (Adrian et al. 2009). The PCB dechlorination culture 
JN showed highly efficient dechlorination in the presence of 
sediments, but the dechlorination rate significantly decreased 
after two consecutive inoculations into the non-particulate 
medium and there was no activity observed after the third 
inoculation under the same conditions (Bedard et al. 2007). 
Because of the large surface area and capacity to absorb 
the highly hydrophobic PCBs, the particles can be used as 
a biofilm with a growing medium, with the result that the 
microbes can more easily contact the PCB congeners.

How to effectively enrich and isolate PCBs dechlorinating 
bacteria has been a problem for researchers for a long time. 
In addition to adding sediment substitutes, researchers have 
used various methods such as primer activation, increas-
ing substrate concentration, and selecting the best PCBs 
monomer substrate to promote the growth of PCBs dechlo-
rinating bacteria (Bedard et al. 2007; Wang et al. 2014). 
Increasing the addition concentration of PCBs to 675μM 
can improve the dechlorination efficiency of JN cultures. 
After 110 days of culture, the tetrachloride products from JN 
cultures increased from 2.19 to 65.23 mol% (Bedard et al. 
2007). Three D. mccartyi strains CG1, CG4, and CG5 that 
can respire on Aroclor 1260 were isolated using tetrachloro-
ethylene (PCE) as a substitute electron acceptor (Wang et al. 
2014). Finding alternative electron receptors provides a fea-
sible method to isolate other difficult-to-cultivate bacteria.

In addition to Dehalococcoides mccartyi bacteria, mem-
bers of several other genera, such as the member of Dehalo-
bacter genus, Dehalogenimonas genus, and family Geo-
bacteraceae (phylum δ-Proteobacteria), play roles in PCBs 

Table 1  Summary of bacteria 
capable of degrading PCB via 
anaerobic metabolic

PCE tetrachloroethene, TetraCB tetrachlorobiphenyl, HexaCB hexachlorobiphenyl

Species Electron acceptors Electron donors References

Dehalobium chlorocoercia DF-1 2,3,4,5-TetraCB Hydrogen Wu et al. (2002)
Dehalococcoides mccartyi 195 PCE Butyric acid Fennell et al. (2004)
Dehalococcoides mccartyi CBDB1 Arochlor 1260 Hydrogen Adrian et al. (2009)
Dehalococcoides mccartyi CG1 PCE Hydrogen Wang et al. (2014)
Dehalococcoides mccartyi CG4 PCE Hydrogen Wang et al. (2014)
Dehalococcoides mccartyi CG5 PCE Hydrogen Wang et al. (2014)
Dehalococcoides mccartyi JNA 2,2′,3,3′,6,6′-HexaCB Hydrogen LaRoe et al. (2014)
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anaerobic degradation. Dehalogenimonas (2.16%), from cul-
ture CG-3, is capable of degrading complex Aroclor 1260 
and shares the highest full-length 16S rRNA gene sequence 
identity to Dehalogenimonas lykanthroporepellens BL-DC-9 
(Wang and He 2012). Likewise, Mortan et al. (2017) also 
confirmed that synergistic action of Dehalogenimonas and 
D. mccartyi bacteria completely detoxicate 1,1,2-trichloro-
ethane to ethene. Furthermore, Yang et al. (2017) and Qiao 
et al. (2018) demonstrated the importance of the Dehalo-
genimonas genus in the dechlorination of chlorinated pollut-
ants. Therefore, the function of the Dehalogenimonas genus, 
closely related to Dehalococcoides, is probably underappre-
ciated and further studies of the halogenated substrate range 
of Dehalogenimonas are needed.

The possibility of the family Geobacteraceae participat-
ing in PCBs degradation was revealed in the sediment-free 
microcosms treated by 2-bromoethanesulfonate (BES), an 
inhibitor of methanogenic activity to hinder the growth 
of Dehalococcoides strains (Praveckova et al. 2016). Pre-
vious research showed that lateral gene acquisition could 
confer dehalogenation activity on some bacteria (Wagner 
et al. 2012). Praveckova et al. (2016) surmised that Geo-
bacteraceae species acquire the relevant genes responsible 
for dechlorination of low chlorinated PCBs. Moreover, the 
authors also found many sequences related to Methanosaeta 
sp., which were shown to contribute to the growth of Geo-
bacter genus via direct interspecies electron transfer (Rotaru 
et al. 2015; Yang et al. 2017). Therefore, family Geobacte-
raceae may make contributions to PCBs dehalogenation and 
expand the metabolic diversity of PCB congeners.

Reductive dehalogenases responsible 
for the degradation of PCBs

Each dechlorination microorganism has gene sequences 
encoding one or more dehalogenases that catalyze the reduc-
tive dechlorination process. However, reductive dehaloge-
nases (RDase) genes that participate in PCBs dechlorina-
tion remain poorly understood, and the characteristics of 
RDase still need to be further studied. PCBs dechlorina-
tion genes could be inferred by exploring the expression 
amount of RDase genes in the PCBs dechlorination process 
and establishing a corresponding quantitative relationship 
with the amount of cell growth and dechlorination (Ewald 
et al. 2019).

The overly slow growth of anaerobic PCBs-degradation 
strains hinders the sequencing of the genomes and the iden-
tification of functional genes (Bedard 2014). Researchers 
applied PCE instead of PCB as an electron acceptor to sup-
port the growth of D. mccartyi strains CG1, CG4, and CG5 
(Wang et al. 2014). Three RDases from these three strains, 
named PcbA1, PcbA4, and PcbA5, were preliminary puri-
fied from native polyacrylamide gel electrophoresis, and 

tested to capable of catalyzing the PCB and PCE degrada-
tion, indicating that they are bifunctional PCB/PCE RDases 
(Wang et al. 2014). Three research papers showed that pcbA4 
and pcbA5 dechlorinase genes were enriched in PCBs-con-
taminated sediment, but the pcbA1 sequence abundance was 
less than the other two or even was not detected, indicating 
that pcbA4 and pcbA5 genes are feasible biomarkers during 
PCBs degradation (Matturro et al. 2016a; Matturro et al. 
2016b; Ewald et al. 2019). In addition, the rd8 gene and rd11 
genes in D. mccartyi strain JNA were highly transcribed 
using PCE as an electron acceptor (Wang et al. 2014).

Ewald et al. (2019) found that the sequence abundance 
of the rd14 gene from D. mccartyi CG5 was more than that 
of the pcbA4 gene and the pcbA5 gene during anaerobic 
degradation. This may have something to do with the condi-
tion that PcbA4 and PcbA5 as bifunctional enzymes grow 
in sediments without chlorinated ethenes. Therefore, CG5’s 
rd14 also could be used as a biomarker to monitor PCBs 
dechlorination.

Aerobic degradation of PCBs

Bacteria capable of aerobic degradation

The aerobic oxidation of PCBs by most microorganisms is a 
co-metabolic process using biphenyl as a growth substrate, 
such as in the genera Pseudomonas, Ralstonia, Acineto-
bacter, and Rhodococcus (Field and Sierra-Alvarez 2008). 
Newly isolated strains from 2014 are shown on Table 2. The 
difference in the activity of bacterial metabolized PCBs is 
attributed to the number and the position of chlorine atoms 
in different PCB congeners. The degradation effect of PCBs 
is inversely proportional to the chlorine content, and high-
chlorinated PCB congeners are not easily metabolized. Rho-
dococcus ruber SS1 and Rhodococcus pyridinivorans SS2 
can both significantly degrade CB, dichlorobiphenyl (diCB), 
and triCB, but cannot obviously degrade tetraCB and hex-
aCB (Wang et al. 2018).

PCBs-degrading bacteria mainly attack 2, 3-carbon bond 
by biphenyl-2, 3-dioxygenase to make PCBs open the ring 
and generate chlorobenzoic acid (CBA) and 2-hydroxy-
penta-2,4-dienoic acid. Nam et al. (2014) found dihydroxy-
biphenyl, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid, 
and benzoic acid during the degradation of biphenyl by a 
PCBs-degrading bacteria Pseudomonas sp. KM-04, indi-
cating that this strain conformed to the catalytic mode of 
biphenyl 2, 3-dioxygenase. Paraburkholderia xenovorans 
LB400 is a high-efficiency PCBs-degrading bacteria and its 
range of degradation of PCB homologs is relatively wide 
because strain LB400 could open the benzene ring through 
3,4-dioxygenation pathways besides 2,3-dioxygenation 
(Haddock and Gibson 1995).



 World Journal of Microbiology and Biotechnology (2020) 36:145

1 3

145 Page 4 of 10

The majority of PCBs-degrading bacteria are unable 
to completely mineralize PCB congeners, resulting in the 
accumulation of some toxic intermediates such as ben-
zoic acid and different CBAs, which both have significant 
inhibitory effects on bacterial growth and PCBs degradation 
(Wójcik et al. 2020; Xing et al. 2020). However, Sphingo-
bium fuliginis strain HC3 could degrade benzoic acid and 
3-CBA simultaneously and produced no intermediates (Hu 
et al. 2015).

In addition, a small number of bacteria could use PCBs 
with one or two chlorines, mainly with 4-CB as the only car-
bon source and energy. Achromobacter xylosoxidans strain 
IR08 utilized all CBs, 2,4’-and 4,4’-diCB, as sole carbon and 
energy sources (Ilori et al. 2008). At the same time, it also 
degraded three kinds of CBAs and generated no metabolites, 
indicating that A. xylosoxidans IR08 could mineralize CBs 
(Ilori et al. 2008). Although various isomers of diCBs are 
present in very small amounts in commercial PCB mixtures, 
researchers have found that they occupied an important posi-
tion in wastewater samples due to the degradation of other 
pollutants, and they were accumulated in large quantities 
after anaerobic reduction dechlorination, thus indicating that 

the metabolism of diCBs is vital in the bioremediation pro-
cess of PCBs-polluted environments. Ralstonia spp. SA-3 
and SA-4 utilized all CBs, the meta-substituted diCBs 3,3’- 
and 3,5-diCB, and the ortho-substituted diCBs, 2,2’-, 2,4’- 
and 2,3-diCB as carbon sources (Adebusoye et al. 2008a; 
Adebusoye et al. 2008b).

In recent years, several strains responsible for using 
highly chlorinated PCBs as carbon and energy sources have 
been isolated. Sinorhizobium meliloti NM degraded copla-
nar 3,3’,4,4’-tetraCB, possessing the highest toxicity of all 
tetraCBs, and its degradation effect was remarkable at low 
concentrations (Wang et al. 2016). Furthermore, a cold-
tolerant strain, Comamonas testosteroni strain QL, could 
use decachlorobiphenyl (decaCB) as a carbon source and it 
almost completely degraded decaCB at a concentration of 
400 μg  L-1 (Qiu et al. 2016).

Enzymes and functional genes in aerobic 
degradation

This series of reactions is known as the upstream pathway 
for biphenyl degradation (Field and Sierra-Alvarez 2008; 

Table 2  Newly isolated aerobic bacteria capable of degrading PCBs from 2014

CB monochlorobiphenyl, DiCB dichlorobiphenyl, TriCB trichlorobiphenyl, TetraCB tetrachlorobiphenyl, HexaCB hexachlorobiphenyl, DecaCB 
decachlorobiphenyl, SQC068 commercially available PCB‐polluted soil, 4OH-PCBs 4-hydroxy-polychlorobiphenyls, Aroclor 1260 aroclor 1242, 
Delor 103 and Kanechlor 300, commercial PCB mixtures

Species Degradation aerobic 
pathway

Degraded substrate References

Metabolic Co-metabolic

Achromobacter sp. NP03, Ochrobactrum 
sp. NP04, Lysinibacillus sp. NP05 and 
Pseudomonas sp. NP06

+ Aroclor 1260 Pathiraja et al. (2019a)

Alcaligenes xylosoxidans, Pseudomonas 
stutzeri, Ochrobactrum anthropi, and 
Pseudomonas veronii

+ Delor 103 Murínová et al. (2014)

Comamonas testosteroni QL + 2,2’,3,3’,4,4’,5,5’,6,6’-DecaCB Qiu et al. (2016)
Enterobacter sp. CGL-1 + Aroclor 1242 Cai et al. (2018)
Mesorhizobium sp. ZY1 + 3,3’,4,4’-TetraCB Teng et al. (2016)
Mycolicibacterium frederiksbergens 

IN53, Rhodococcus erythropolis IN129, 
and Rhodococcus sp. IN306

+ SQC068 Steliga et al. (2020)

Pseudomonas sp. + TetraCBs Shuai et al. (2016)
Pseudomonas sp. CB-3 + 4-CB Xing et al. (2020)
Pseudomonas sp. KM-04 + 3,3’ -DiCB and 3,5-DiCB Nam et al. (2014)
Pseudomonas sp. VRP2-6 + CBs and DiCBs Voronina et al. (2019)
Rhodococcus ruber SS1 and Rhodococcus 

pyridinivorans SS2
+ CBs, DiCBs, and TriCBs Wang et al. (2018)

Rhodococcus sp. MAPN-1 + DiCB Sandhu et al. (2020)
Rhodococcus sp. WAY2 + CBs, DiCBs, TriCBs, and HexaCBs Garrido-Sanz et al. (2020)
Sinorhizobium meliloti NM + 3,3’,4,4’-TetraCB Wang et al. (2016)
Sphingobium fuliginis HC3 + CBs, DiCBs, and TriCBs Hu et al. (2015)
Sphingomonas sp. N-9 + 4OH-PCBs, PCBs, and Kanechlor 300 Mizukami-Murata et al. (2016)
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Elangovan et al. 2019). The first step of degradation is to cat-
alyze the addition of a molecule of oxygen to the 2,3-posi-
tion of PCBs under the action of biphenyl 2,3-dioxygenase 
(BphA) to form cis-2,3-dihydro-2,3-dihydroxychlorobi-
phenyl. Then this is catalyzed by dehydrogenase (BphB) to 
generate 2,3-dihydroxychlorobiphenyl. 2,3-Dihydroxychlo-
robiphenyl undergoes 2,3-dihydroxybiphenyl-dioxygenase 
(BphC) to catalyze ring opening to form 2-hydroxy-6-ox-
6-phenylhexa-2,4-chlorodienoic acid (HOPDA). Finally, 
HOPDA is hydrolyzed to chlorobenzoic acid and 2-hydroxy-
penta-2,4-dienoic acid by HOPDA hydrolase (BphD) (Fig 
1). In some strains, the degradation product 2-hydroxypenta-
2,4-dienoic acid could be further degraded to pyruvate and 
acetyl-CoA (Field and Sierra-Alvarez 2008). The biphenyl/
polychlorinated biphenyl-degradation locus (bph) of Pseu-
domonas sp. LB400 encodes four additional metabolic 
enzymes. BphK, a glutathione-S-transferase, is probably 
involved in the dechlorination of HOPDA. 2-Hydroxypenta-
2,4-dienoic acid is catalyzed by 2-hydroxypenta-2,4-dienoic 
acid hydratase (BphH), acetaldehyde dehydrogenase (BphI) 
and 4-hydroxy-2-oxovalerate aldolase (BphJ) to acetyl-CoA.

Polychlorinated biphenyl degrading enzyme genes (bph 
gene clusters) are situated on chromosomes, plasmids, and 
transposons. The bph genes of Sphingobium fuliginis HC3 
were located on the plasmid (Hu et al. 2015). The bph gene 
clusters in four KF strains, respectively similar to the genes 
in Pseudomonas furukawaii KF707 and Tn4371 of Cupri-
avidus oxalacticus A5, are located on an element which is 
more than 110 kb (named the  ICEbph-sal), and this element 
could be reintegrated into the host’s chromosome (Hirose 

et al. 2019). The bph cluster moves between different bac-
teria through various mobile genetic elements. The differ-
ent ways of horizontal gene transfer make contributions to 
bacterial evolution and environment adaptation (Suenaga 
et al. 2017).

The typical bph gene cluster (bphA1A2A3A4BCKHJID) 
was observed in P. xenovorans LB400 (Hofer et al. 1994; 
Chain et al. 2006). Genes encoding enzymes involved in the 
upstream pathway and lower pathways for biphenyl degra-
dation that transform PCB congeners to acetyl-CoA were 
located on the same operon. The bph gene organization and 
the structure of some bacteria are the same, and some other 
bacteria are quite different, indicating that the bph gene 
cluster undergoes restructuring. Another type of bph gene 
cluster was found in Rhodococcus RHA1(bphA1A2A3A4CB) 
(Masai et al. 1995; Sha’arani et al. 2019). This strain has no 
bphD, but this is replaced by bphS and bphT which encode 
a two-component signal transduction system (Takeda et al. 
2004). The order of the genes and the sequence in R. glober-
ulus P6 and Rhodococcus sp. TA421 is similar to that in 
RHA1. However, some other Rhodococcus strains have bph 
gene clusters different from that in RHA1. In Rhodococcus 
rhodochrous K37, the bph genes are preceded by bphB, and 
followed by bphC, bphA1A2A3A4 and bphD (Taguchi et al. 
2007). This kind of bph gene cluster evolved separately from 
the previously known bph gene clusters of PCBs degraders. 
This strain has eight bphC genes and the bphC8 gene located 
on a 200-kb linear plasmid was induced by biphenyl, sug-
gesting that it is involved in biphenyl degradation in K37. 
Interestingly, bphC8 had a sequence identity below 41% 

Fig. 1  Aerobic PCB biodegradation pathway (Field and Sierra-Alvarez 2008; Elangovan et al. 2019)
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with the known bphC involved in biphenyl metabolism but 
shared the highest identity with phdF from Nocardioides 
sp. KP7 responsible for degrading phenanthrene. Similarly, 
Rhodococcus spp. R04 and WAY2 were observed to harbor 
the bphBCA1A2A3A4D cluster (Yang et al. 2007; Garrido-
Sanz et al. 2020).

The genetic organization of the bph gene clusters of 
multiple degradation strains has been analyzed and partial 
comparisons are listed in figure 2. In nature, the distribution 
of bph gene clusters is very wide. The order of bph genes 
and amino acid sequences in strains of different species are 
also quite different, but the functions of related genes are 
highly conserved, indicating that the bph gene clusters are 
constantly changing in the process of gene transfer and evo-
lution. For the origin of PCBs-degrading genes, aromatic 
ring dioxygenases are evolved from a common ancestor, 
as evidenced with toluene dioxygenase, benzene dioxyge-
nase, naphthalene dioxygenase and biphenyl dioxygenase 
(Harayama et al. 1992). It also could be postulated that many 
degraders of aromatics might be involved in the degradation 
of plant lignin, which is massively distributed in the environ-
ment (Furukawa 1994).

Coupling of anaerobic dechlorination 
and aerobic degradation

High-chlorinated PCBs as electron acceptors could be 
dechlorinated into low-chlorine PCBs by anaerobic micro-
organisms, but their benzene ring structures are generally 
degraded by aerobic strains. PCBs-dechlorination anaerobic 

consortia also could completely mineralize PCBs (Mecken-
stock et al. 2016). According to Payne’s opinion (2013)), 
the combination of anaerobic dechlorination and aerobic 
degradation could greatly increase the degradation rate of 
high-chlorinated PCBs and is a promising biodegradation 
method to completely degrade high-chlorinated PCBs.

Chen et al. (2014) designed an experiment that continu-
ous flooding and drying processes, simulating a natural 
sequential aerobic-anaerobic environment in the paddy field, 
degraded more than 40% of PCB congeners, as compared to 
only 20% degradation under the constant-drying condition. 
A commercial PCB mixture Aroclor1260, subjected to alter-
nating anaerobic-aerobic degradation under the treatment 
of three facultative anaerobic microorganisms, resulted in 
a 49% total reduction of PCBs over two weeks (Pathiraja 
et al. 2019b). In addition, Payne et al. (2013) showed that 
remediation of PCBs contaminated sediment with simul-
taneously added anaerobic dechlorinator Dehalobium sp. 
DF1 and aerobic Paraburkholderia sp. LB400 significantly 
enhanced the degradation of PCBs, resulting in 80% total 
PCBs reduction after 120 days.

The coupling of anaerobic degradation and aerobic oxi-
dation can be divided into two-stage (or sequential) anaer-
obic-aerobic degradation and concurrent (or alternating) 
anaerobic-aerobic degradation. Research showed that the 
latter method possesses better degradation ability. Accord-
ing to the results of experiment using anaerobic and aerobic 
degradation bacteria, and three facultative anaerobic bacte-
ria, respectively, the degradation effect of the concurrent (or 
alternating) treatment mode was found to be better than a 
sequential process (Payne et al. 2013; Pathiraja et al. 2019b).

Fig. 2  Genetic organization of the bph gene clusters of Paraburk-
holderia xenovorans LB400 (Hofer et  al. 1994; Chain et  al. 2006), 
Rhodococcus jostii RHA1 (Masai et  al. 1995, Takeda et  al. 2004), 
Rhodococcus rhodochrous K37 (Taguchi et  al. 2007), Rhodococ-

cus sp. WAY2 (Garrido-Sanz et  al. 2020), Acidovorax sp. KKS102 
(Kikuchi et  al. 1994), and Bacillus sp. JF8 (Mukerjee-Dhar et  al. 
2005).
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Bioremediation of PCBs‑contaminated 
environments

Microorganisms play significant roles in the bioremediation 
of PCBs-contaminated environments (Passatore et al. 2014). 
Pure cultures, microbial consortia, and plant-microbe asso-
ciations are discussed below along with their applications.

Due to the massive use of PCB congeners and the residues 
in the environment, researchers tried to use pure cultures 
to remove PCBs. Multiple PCBs-degrading bacteria have 
been isolated and researched as mentioned before. Many 
studies described the application of a single microorgan-
ism for the bioremediation of PCBs-contaminated soil. The 
strain QL could remove 45% of PCB 209 in soil within only 
20 days (Qiu et al. 2016). Rhodococcus sp. IN306, closely 
related to the Rhodococcus jostii RHA1, degraded more than 
54% of PCBs in commercially available PCBs‐polluted soil 
SQC068 after a 30-day test (Steliga et al. 2020). However, 
the degradation capability of a single strain to degrade PCBs 
is relatively low because of its genetic properties and the 
environmental factors, such as the pH, temperature, con-
centration of PCB congeners, etc (Horváthová et al. 2018). 
Moreover, pure cultures probably produce toxic metabolites 
in the process of aerobic degradation (Xing et al. 2020).

Microbial consortia have a more dominant impact on 
the bioremediation of pollutants contaminated soils com-
pared with a single strain because different kinds of micro-
organisms have distinct substrate specificities (Mikeskova 
et al. 2012). Horváthová et al. (2018) used Achromobacter 
xylosoxidans, Stenotrophomonas maltophilia, Ochrobactrum 
anthropi, and Rhodococcus ruber in different combinations 
to compare the bioremediation effect. The best results were 
obtained with two bacterial strains consisting of R. ruber and 
A. xylosoxidans, and the consortia of O. anthropi, R. ruber, 
and A. xylosoxidans also displayed a good biodegradation 
activity. Because of the presence of viable but non-cultura-
ble strains and many uncultured bacteria, the PCBs degra-
dation capacity of an artificial mixed consortium compris-
ing isolated strains was lower than that of a natural mixed 
consortium (Mikeskova et al. 2012). Researchers applied 
extracellular organic matter from Micrococcus luteus to 
stimulate the growth of the indigenous bacterial commu-
nity responsible for metabolizing PCBs and enhance the 
bioremediation of long-term PCBs-contaminated sites (Su 
et al. 2015). Natural or artificial microbial consortia are of 
great significance for the degradation and removal of PCBs. 
However, the species interactions in microbial consortia, the 
effect of the microbial interactions on the biodegradation 
potential, and their bioremediation performance are still 
unclear. The microbial consortia need to be developed and 
optimized by using a proper strategy when they are put into 
use (Mikeskova et al. 2012).

Some plant species could enhance the PCBs removal 
efficiency in soils and sediments (Hayat et al. 2019). Plants 
remarkably encourage PCBs degradation by providing 
habitats and nutrients for PCBs-degrading microorganisms 
and releasing organic exudates as inducers, surfactants, 
and microbial growth factors (Sharma et al. 2017). These 
microorganisms could significantly improve plant growth 
and the ability of PCBs uptake by plants, thereby enhanc-
ing the remediation of PCBs-contaminated soil (Teng et al. 
2016). Liang et al. (2014) found that switchgrass could 
improve PCBs removal in soil because of phytoextraction 
processes and enhanced microbial activity in the rhizos-
phere. After inoculation with Paraburkholderia xenovo-
rans LB400, the amounts of PCBs in switchgrass-treated 
soils were reduced by 43%. Salimizadeh et  al. (2018) 
assessed the dissipation of PCB congeners in a transformer 
oil-contaminated soil using Pseudomonas spp. S5 treated 
or not by the maize plantation. The results showed that 
the soil inoculated with Pseudomonas spp. S5 and culti-
vated with maize had the best degradation effect after 10 
weeks. In pot experiments, the soil PCBs concentrations 
of the planting Astragalus sinicus inoculated with Mes-
orhizobium sp. ZY1 was decreased by 53%, but the sin-
gle incubation of Mesorhizobium sp. ZY1 and the single 
planting A. sinicus decreased PCBs amount in soil by 20% 
and 23%, respectively (Teng et al. 2016). Therefore, plant-
microbe associated bioremediation techniques are effective 
and cost-efficient methods of cleaning polluted sites (Jing 
et al. 2018). Bioremediation using the plant-microbe asso-
ciations is a promising method and will be used widely to 
significantly remove PCBs from the environment.

Concluding remarks and future perspectives

Sustainable development is committed to meeting the needs 
of contemporary people and ensuring the environmental 
rights of future generations. The removal of environmental 
pollutants and the restoration of polluted sites are primary 
challenges for modern society. Biodegradation based on 
the catabolic activity of PCBs-degrading microorganisms 
has emerged as the economical, ecofriendly, and promising 
strategy to remediate PCBs contaminations. The research 
mainly focused on the screening of PCBs-degrading strains 
and relevant enzymes and the introduction of practical appli-
cations of degrading strains. It is important for us to better 
understand the transport and fate of PCBs in the environ-
ments, and the regulatory genes and enzymes involved in the 
degradation pathways of PCBs. As treatment for enhanced 
biodegradation of PCBs, advanced molecular approaches, 
enzyme engineering, and an integrated approach for micro-
organisms mixed with emerging novel materials will provide 
better tools for the remediation of PCBs pollutants.
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