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The use of organochlorine pesticides, such as dichlorodiphenyltrichloroethane (DDT) and benzene hexachloride (BHC), have 
contributed substantially to the increase and stable supply of food production post-World War II. However, they have also be-
come a major source of pollution on a global scale due to their persistence in the environment, high bioconcentration, toxicity, 
and their long-distance mobility. Although the use and production of these pesticides were banned over 45 years ago, they still 
present a risk to human health and ecosystems, and pose a threat to food safety. These pesticides were designated as persistent 
organic pollutants (POPs) by the Stockholm Convention in 2001, which urged the industry to reduce or eliminate them globally. 
The authors of this study have been involved in the research and development of bioaugmentation soil remediation technology 
to reduce the risk of environmental and crop contamination originating from POPs. In this paper, these studies are summarized, 
from basic studies (1, 2, 3) to an applied study (4), as follows: (1) use of the soil–charcoal perfusion method to explore POP-
degrading bacteria, (2) bacteriological characteristics, metabolic pathways and dechlorination genes of the hexaclorobenzene 
(HCB)-mineralizing bacterial strain PD653, (3) characteristics and metabolic pathways of the dieldrin-degrading bacterial strain 
KSF27, and (4) application of these degrading bacteria for remediation of POPs-contaminated soil.

Keywords: persistent organic pollutants (POPs), soil–charcoal perfusion system, metabolic pathway, Nocardioides sp. PD653, 
novel dehalogenase genes, bioremediation.

Introduction

Efforts to increase food production were escalating around the 
world during the second half of the 20th century, following the 
end of World War II. It is well known that the advent of chemi-
cal synthesis technologies led to the development of organochlo-
rine pesticides, with typical examples including DDT and BHC 
(hexachlorocyclohexanes; HCHs), both of which have contrib-
uted substantially to the post-war enhancement of food produc-
tion and the stability of the food supply. However, the manufac-
ture and use of these pesticides were banned in many developed 
countries in the mid-1970s due to their persistence, bioconcen-
tration, and toxicity, as highlighted in Rachel Carson’s book “Si-
lent Spring.” Despite the regulatory efforts, these pesticides con-
tinue to cause pollution worldwide, even in the 21st century.1–3) 
Since they adversely affect both human health and the environ-

ment, the Stockholm Convention on Persistent Organic Pollut-
ants (POPs) adopted in 2001 global mandates for the reduction 
and elimination of these pesticides. However, some of these 
POPs still remain in agricultural land in Japan, and contamina-
tion (detected POP values exceeding maximum residue levels) 
of crops such as Cucurbitaceae has been confirmed.4) Thus, there 
is a need for the development of soil remediation technologies 
to reduce the risk of contamination of crops by POPs. Among 
the technologies being developed for this purpose, bioaugmen-
tation, in which POP-degrading bacteria are introduced from 
an external site into a contaminated site, is expected to provide 
a safe and inexpensive in situ strategy that does not adversely 
affect soil function. However, POP-degrading bacteria rarely 
exist in nature, and their enrichment and isolation have been 
extremely difficult. Accordingly, this paper introduces a meth-
od for the enrichment and isolation of POP-degrading bacte-
ria using the soil–charcoal perfusion system developed by the 
authors, which has been used to enrich and isolate degrading 
bacteria for hexachlorobenzene (HCB), dieldrin, and HCHs. The 
characteristics, metabolic pathways, and degradation gene(s) of 
the bacterium are described. This paper also introduces our ap-
plied studies on the development of a novel material combining 
these degrading bacteria and carbonized woody material for the 
clean-up of soil contaminated with POPs.
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1. Use of the soil–charcoal perfusion method  
to explore POPs-degrading bacteria

The soil–charcoal perfusion method uses a porous carbonized 
woody material as a microhabitat and is adsorbent of organic 
chemicals to quickly enrich persistent compound-degrading 
bacteria in soil and easily isolate the bacteria there.5,6) A key as-
pect of this method is the fact that the soil, to which the tar-
get compound had been repeatedly applied, is mixed with 
0.5% (W/W) of the special charcoal A100 (pH, 7.8; Brunauer–
Emmett–Teller (BET) specific surface area, 100 g/m2; the pore 
volume of fine pores with a diameter of 5–20 µm occupies ≥10% 
of the total pore volume). This is optimized as an adsorbent 
and a microhabitat for persistent organic compounds and de-
grading bacteria, respectively. By circulating a mineral medium 
(MM) containing only the target compound as a C or N source 
through the soil–charcoal layer, the compound absorbed on the 
charcoal, and then the degrading bacteria in the soil can be rap-
idly enriched in the carbonized woody material for assimilation. 
Further, if only the enriched charcoal is removed from the soil 
and inoculated into a new A100 specimen with the same cir-
culating procedure, it is possible to further enrich the degrad-
ing bacteria, easily purify, and isolate them from the charcoal. 
Using this method, degrading bacteria have been isolated from 
materials such as triazine compounds,7–10) amide herbicides,11) 
organic arsenic,12) organochlorine fungicides (pentachloronitro-
benzene (PCNB), pentachlorophenol (PCP)),6,13) and HCHs.14) 
However, in general, POPs (e.g., HCB and dieldrin) except 
HCHs have very low water solubility (<0.5 mg/L). Therefore, 
the enrichment of POPs-degrading bacteria is very difficult with 
this method due to the low bioavailability of the substrate. Thus, 
the authors used a structural analog with a common chlorine 
substituent moiety and water solubility of ≥0.5 mg/L as an en-
richment substrate for POPs-degrading bacteria. For example, as 
an enrichment substrate for HCB (water solubility 0.005 mg/L)-
degrading bacteria, PCNB (water solubility 0.5 mg/L),6) in 
which one Cl group was substituted by a NO2 group, was used. 
For dieldrin (water solubility 0.2 mg/L)-degrading bacteria, 
aldrin-trans-diol with a cleaved epoxy group (water solubility 
5 mg/L)15) was used as the substrate. For poly chlorinated biphe-
nyl (PCB, almost insoluble)-degrading bacteria, hydroxylated 
PCB (4OH-3PCB) was used.16) Thus, POPs-degrading bacteria 
can be enriched using the soil–charcoal perfusion method with 
a structural analog, which has greater bioavailability as an en-
richment substrate.

2. Characteristics of the HCB-mineralizing  
bacterial strain PD6536)

2.1. Bacteriological characteristics and metabolic pathways of the 
HCB- and PCNB-degrading bacterial strain PD653

The strain PD653 was isolated from a PCNB-degrading bacteria 
consortium, PD3 (consisting of four bacterial species),13) that 
had been enriched and isolated from PCNB annually applied 
soil using the soil–charcoal perfusion method with PCNB as an 

enrichment substrate. This bacterium grows using HCB as a sole 
carbon source and eventually mineralizes HCB to CO2 and Cl−. 
This strain is a Gram-variable bacillus that forms pale yellow 
colonies. Based on phylogenetic analysis of 16S rRNA gene se-
quences, strain PD653 is a new species of the genus Nocardi-
oides. HCB and PCNB are converted into PCP by the first oxi-
dative dechlorination and denitration, followed by conversion 
into tetrachloro-p-hydroquinone (TeCH) by oxidative dechlo-
rination, and then into 2,6-dichlorohydroquinone (DiCH) by 
reductive dechlorination, which is eventually mineralized (de-
toxified). Nocardioides sp. strain PD653 is the first known natu-
ral bacterium capable of aerobically mineralizing HCB via PCP. 
Also, this strain has the ability to dechlorinate β-HCH, which 
is the most recalcitrant isomer in the environment, among the 
four isomers of HCHs.17,18) Therefore, strain PD653 is a highly 
promising strain for utilization in the bioaugmentation of POPs-
contaminated soil.

2.2. Novel catabolic genes involved in catalyzing the dechlorina-
tion of HCB and PCP

The authors conducted a comparative genomic analysis of the 
strain PD653 and the naturally occurring strain PD653-B2, 
which is deficient in the HCB dechlorination ability, and iden-
tified the hcbA1A2A3 encoding enzymes that catalyze the de-
chlorination and hydroxyl substitution reaction from HCB to 
PCP.19) In addition, RNA-seq analysis led to the identification of 
hcbB1B2B3, which encodes an enzyme that catalyzes a two-step 
hydrolytic dichlorination of PCP to 2,3,5-trichloro-6-hydroxy-p-
benzoquinone (TCHQ).20) Based on the deduced amino acid 
sequence and the gene structure, it is strongly suggested that 
the protein involved in both the HCB and PCP dechlorination 
belongs to the two-component flavin diffusible monooxygen-
ase family (TC-FDM),21) which reacts with flavin and O2 as 
substrates. To date, biocatalytic HCB dechlorination reactions 
under aerobic conditions have been studied using cytochrome 
P450,22) which is present in mammalian liver tissue, and the 
F87W/Y96F/L244A/V247L mutant gene of the Pseudomonas 
putida-derived CYP101 protein.23) Therefore, Cytochrome P450 
monooxygenase is also believed to potentially play a role in the 
dechlorination reaction.24) However, our findings demonstrated 
that the TC-FDM possessed by the bacteria plays an important 
role in the dechlorination of halogenated aromatic compounds. 
In addition, genes derived from bacteria involved in PCP de-
chlorination have only been identified in Gram-negative bac-
teria25,26); Gram-positive bacteria, including the strain PD653, 
have a different dechlorination mechanism. However, this study 
led to the first discovery of novel PCP dechlorination genes 
(hcbB1B2B3) in Gram-positive bacteria.20) Figure 1 describes the 
dehalogenase genes associated with aerobic degradation path-
ways of PCNB and HCB by the strain PD653.

3. Characteristics and metabolic pathways of  
the dieldrin-degrading bacterial strain KSF2715)

The strain KSF27 was isolated from endosulfan (a structural an-
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alog of dieldrin) annually applied soil using the soil–charcoal 
perfusion method with aldrin-trans-diol as an enrichment sub-
strate. This strain is a typical actinomycete (Gram-positive bac-
terium). The surface shape of colonies is flocculent, and aerial 
hyphae are orange–white on a yeast mold (YM) agar plate. Based 
on phylogenetic analysis of 16S rRNA gene sequences, strain 
KSF27 is a new species of the genus Pseudonocardia. When this 
strain was incubated at 30°C under shaking in MM containing 
200 mg/L of sodium pyruvate as a carbon source for 10 days, it 
degraded dieldrin (5 mg/L) by 85%, although the degradation 

rate of known degrading bacteria was less than 50%. In addition, 
after examining the degradation capability of strain KSF27 for 
other POPs, it was revealed that heptachlor, heptachlor epoxide, 
and endosulfan sulfate remaining in the soil over a long period 
had been degraded by 84, 53 and 72%, respectively. Thus, this 
strain possesses a broad degradation spectrum of POPs. How-
ever, strain KSF27 is not a dechlorinating bacterium (assimi-
lating bacterium), such as strain PD653, but a co-metabolizing 
bacterium that requires a carbon source, such as pyruvate. 
Figure 2 shows the putative metabolic pathway of dieldrin by 

Fig. 1. Proposed pathway for the aerobic degradation of HCB and PCNB employed by the strain PD653. The genes involved at each catabolic step are 
indicated.

Fig. 2. Proposed pathways of dieldrin degradation employed by strain KSF27.
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the strain KSF27.15,27) Dieldrin was oxidized via aldrin-trans-
diol (known metabolite) in which the epoxy group was hydro-
lyzed and converted into dihydrochlordene-1,3-dicarboxylic 
acid (a novel metabolite). The resulting dihydrochlordene-1,3-
dicarboxylic acid was oxidatively decarboxylated, converted into 
3-hydroxydihydrochlordene-1-carboxylic acid, and then into 
dehydrated chlordene-1-carboxylic acid. In addition, an addi-
tional pathway existed in which aldrin-trans-diol was hydroxyl-
ated and converted into 9-syn-hydroxyaldrin-trans-diol.

4. Bioremediation of HCHs-contaminated soil  
using charcoal, enriched with a constructed  

bacterial consortium

4.1. Characteristics of the HCH-degrading bacterial strain  
TSK-114)

The strain TSK-1 was isolated from γ-HCH+chlororhalonil 
(TPN) annually applied upland soil (collected from the Yayoi 
field at The University of Tokyo)28) using the soil–charcoal per-
fusion method with γ-HCH (water solubility 5 mg/L) as an en-
richment substrate. This strain is a Gram-negative bacillus that 
forms yellow colonies. Based on phylogenetic tree analysis of 
16S rRNA gene sequence, strain TSK-1 is a new species of the 
genus Sphingomonas, different from known HCHs-degrading 
bacteria. This strain possesses intact γ-HCH-degrading genes 
(linA, B, C, D, E), which can completely dechlorinate and as-
similate γ-HCH, similar to other known HCHs-degrading bac-
teria.29) Strain TSK-1 could also completely dechlorinate α-, γ- 
and δ-HCH isomers. For the β-isomer, however, two chloride 
ions per molecule were released with 90% degradation. Accord-
ingly, we constructed a two-bacterial consortium consisting of 
the β-HCH-assimilating bacterial strain PD653 and the strain 
TSK-1, in an attempt to clean-up HCHs-contaminated soil.

4.2. Development of enriched charcoal with a construction of a 
two-bacterial consortium and the performance evaluation 
using HCHs-contaminated soil

After mixing the R2A culture medium of strains TSK-1 
(OD600=0.6) and PD653 (OD600=1.1) at a ratio of 6 : 1 (v/v), the 
mixture was immersed overnight in 20 g of coconut shell char-
coal CC150 (pH, 7.8; specific surface area, 150 m2/g; particle 
size, 0.5–4 mm) to obtain an enriched type of composite car-
bonized material. Briefly, 30 g (equivalent to dry soil) of actu-
ally contaminated soil (pH, 5.8; total carbon (TC), 1.8%; residual 
concentrations of α-, β-, γ-, and δ-HCH isomers were 36.3, 13.6, 
10.8, and 10.9 mg/kg dry soil, respectively) was mixed with 5% 
(w/w) of the enriched charcoal. The soil moisture was adjust-
ed to 35% and the mixture was incubated at 25°C under dark 
conditions with a supply of water (1–2 mL/week) for 2 weeks. 
The degradation rates were 67.1, 18.5, 76.1, 34.6% for α-, β-, 
γ- and δ-HCH isomers, respectively, and in total, 55% of the 
HCHs were degraded compared to the control plot (with non-
enriched charcoal) (Fig. 3).30) To the best of our knowledge, this 
is the first report to demonstrate that a charcoal enriched with 
a constructed bacterial consortium efficiently cleans up HCHs-

contaminated soil. In addition, we conducted a field experiment 
by placing a 1-cm-thick layer of the charcoal A100 (pH, 7.8; BET 
specific surface area, 100 m2/g; particle size, 10 mm), enriched 
with the simazine-degrading bacterial consortium CD7 (consist-
ing of three bacterial species),31,32) under the subsoil at 15 cm 
deep in a golf course for 2 years. This was to test the prevention 
of subsoils, rivers, and groundwater contamination with the her-
bicide simazine (water pollutant pesticide). Simazine is widely 
used in Japan and frequently detected in river water. Simazine, 
which was sprayed twice a year (4 times spraying in total) on the 
turf, leached down to the charcoal layer where it was then ab-
sorbed and degraded by 92, 70, 76 and 92% for each spraying in 
comparison with the control plot containing non-enriched char-
coal.31,33) This result indicated that the carbonized woody mate-
rial enriched with a degrading bacterial consortium was a novel 
practical material for remediating environments and soil con-
taminated with POPs and other recalcitrant organic chemicals.

Concluding remarks

The study on microbial degradation of POPs aims to discover 
new knowledge by studying the past through scrutiny of the old. 
Research on organochlorine pesticides, whose production and 
use were banned over 40 years ago, has led to the discovery of 
novel aerobic POPs-degrading bacteria, novel metabolites, and 
dehalogenase genes. In general, the degradation of POPs by soil 
microorganisms produces more hydrophilic metabolites and 
consequently reduces their persistence in soil, their toxicity to 
mammals, including humans, as well as reduces environmental 
risks. In the future, we hope to accelerate our applied research 
concerning the formulation of these degrading bacteria or en-
zyme preparations to actively contribute to the safety and secu-
rity of the food supply, and a healthy and sustainable environ-
ment. We also hope to dispel the negative image of pesticides 
through the remediation of POPs-contaminated soil, particu-

Fig. 3. Simultaneous degradation of four HCH isomers in the contami-
nated sub-soil using coconut husk charcoal enriched with a constructed 
bacterial consortium (strainTSK1 + strain PD653). The mean±S.D. for 
triplicate samples is shown.
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larly arable soil.
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