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Abstract 

Waste generation tends to surge in quantum as the population and living conditions grow. A group of structurally 
related chemicals of dibenzofurans and dibenzo-p-dioxins including their chlorinated congeners collectively known 
as dioxins are among the most lethal environmental pollutants formed during different anthropogenic activities. 
Removal of dioxins from the environment is challenging due to their persistence, recalcitrance to biodegradation, and 
prevalent nature. Dioxin elimination through the biological approach is considered both economically and environ-
mentally as a better substitute to physicochemical conventional approaches. Bacterial aerobic degradation of these 
compounds is through two major catabolic routes: lateral and angular dioxygenation pathways. Information on the 
diversity of bacteria with aerobic dioxin degradation capability has accumulated over the years and efforts have been 
made to harness this fundamental knowledge to cleanup dioxin-polluted soils. This paper covers the previous dec-
ades and recent developments on bacterial diversity and aerobic bacterial transformation, degradation, and bioreme-
diation of dioxins in contaminated systems.

Keywords: Dioxin, Aerobic degradation, Bacterial degradation, Sphingomonas wittichii RW1

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Introduction
Industrial activities often release several pollutants (ali-
phatic and aromatic hydrocarbons, chlorinated aromat-
ics, pesticides, and herbicides) into the environment as 
products and unwanted by-products, where they accu-
mulate as highly toxic persistent pollutants. Among this 
group of chemicals are the dioxins. Dioxins, a group of 
structurally related chemicals, consist of dibenzo-p-di-
oxins, its 75 analogue of polychlorinated dibenzo-p-di-
oxins (PCDDs) and dibenzofurans, its 135 congeners of 
polychlorinated dibenzofurans (PCDFs) dictated by the 
numbering and positions of the chlorine atoms in the 
dioxin/furan molecule (Fig.  1) (Kulkarni et  al. 2008). 
They are among the top priority chemicals of the per-
sistent organic pollutants (POPs) popularly referred to 
as the “dirty dozen” due to their notable toxicity, carci-
nogenicity, and mutagenicity (Weber et al. 2008). From 
this class of substances, PCDDs and PCDFs collectively 

referred to as PCDD/Fs are of serious health and envi-
ronmental concern owing to their toxicity, environ-
mental persistence, and bioaccumulation in biota 
(Ghimpetxeanu et  al. 2014; Squadrone et  al. 2015). 
They are mainly produced unintentionally during syn-
thesis of haloaromatic compounds, bleaching of pulp, 
recycling of metals, and incineration of chlorine-con-
taining organic materials, and domestic and industrial 
wastes (Klees et al. 2015, Tue et al. 2016). They are also 
produced naturally though, to a minimal extent dur-
ing volcanic eruption and natural forest fires (Hoekstra 
et  al. 1999). In addition, Hoekstra et  al. (1999) unam-
biguously showed that nearly 20 congeners of PCDD/F 
were naturally produced in Douglas fir forest soil 
through a mechanism involving congeners of chloro-
phenol in a reaction probably mediated by peroxidases. 
In opposition to other compounds of serious ecologi-
cal problem like polychlorinated biphenyls (PCBs) and 
polychlorinated pesticides (pentachlorophenol, gam-
mahexachlorocyclohexane, or lindane), dioxins were 
unintentionally produced. Unfortunately, owing to 
their chemical and thermal stability, recalcitrance to 
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microbial degradation, and toxicity to the biota, they 
are one of the most controversial environmental con-
taminants (Kaiser 2000). They are tightly adsorbed 
onto organic matters and mineral surfaces in soils and 
sediments because of their high hydrophobicity (Rose 
2014). A huge amount of very toxic dioxin congeners 
was released into the environment during the Viet-
nam War and Seveo industrial accident (Hay 1977; Hay 
1978; Bertazzi et  al. 1998). Their global distribution, 
potential for toxic and carcinogenic effects on human 
and wildlife populations, and proven bioaccumulation 
properties demonstrate them to be of environmental 
health concern and ecological effect (Consonni et  al. 
2008). All these have led to various attempts to find 
lasting solutions and subsequent detoxification and 
degradation processes for polluted systems.

Remediation of PCDD/Fs-contaminated sites through 
physical and chemical approaches is very costly. Diox-
ins’ chemical inertness makes the removal of these 
pollutants very challenging in environmental technol-
ogy (Kulkarni et  al. 2008). Series of physicochemical 
processes like photodegradation, thermal remediation, 
dechlorination with metal catalysts, and dioxin inhibi-
tors such as nitrogen and sulfur compounds in dioxin 
contaminated waste have been considered for applica-
tion of dioxin detoxification and degradation (Lin et al. 
2015; Liu et al. 2015; Palanisami et al. 2015). However, 
these technologies are not economically and ecologi-
cally reasonable to remedy sizeable areas of polluted 
soils. Thermal remediation, for instance, is difficult to 
apply for mediums that are not easily burnt, like sedi-
ments (Bedard 2008). More often than not these meth-
odologies end up introducing new chemical wastes into 
the environment. Therefore, biological approaches of 
harnessing microorganisms to remove toxic and recal-
citrant compounds from the environment have become 
more popular and acceptable as an alternative owing 
to its economic feasibility as well as minimal impact 
on the environment (Chang 2008; Jeon et al. 2016). For 
effective clean-up of these matrices, bioremediation is 

touted as a promising technology due to its cost effec-
tiveness compared to conventional approaches as well 
as its environmental compatibility and flexibility (Vidali 
2001; Chen et al. 2016).

Microorganisms, which are ubiquitously distributed 
in sediments, soils, and water bodies, are significant 
agents in the total decomposition of organic compounds 
and recycling of global carbon, and cannot be overem-
phasized as a cost-effective and sustainable approach 
to detoxify the environment of dioxins (Vidali 2001). 
In this regard, non-chlorinated dibenzofuran (DF) has 
served as a blueprint chemical in biological degrada-
tion studies of PCDD/Fs. Some bacterial strains have 
been shown to degrade DF and/or non-substituted 
dibenzo-p-dioxin (DD) and some lightly substituted con-
geners, including Sphingomonas sp. HH69 and Sphin-
gomonas wittichii  RW1 (Fortnagel et  al. 1990; Wittich 
et al. 1992; Wilkes et al. 1996). Others are Nocardioides 
aromaticivorans  (Kubota et  al. 2005),  Terrabacter sp. 
strain DPO360 (Gai et  al. 2007), Rhodococcus sp. HA01 
(Aly et  al. 2008),  Pseudomonas putida  B6-2 (Li et  al. 
2009),  Pseudomonas sp. strain ISTDF1 (Jaiswal et  al. 
2011), Rhodococcus sp. strain p52 (Peng et al. 2013), Pseu-
domonas mendocina strain NSYSU (Lin et al. 2014), and 
Agrobacterium sp. PH-08 (Le et  al. 2014), Among the 
listed organisms, Pseudomonas sp. strain CA10 (Sato 
et al. 1997) and strain RW1 (Nam et al. 2006) were exten-
sively studied with regards to the genes coding for the 
dioxin catabolic routes, and also as potential candidates 
for remediation of contaminated soils. However, most 
aerobic degradation studies are limited to less danger-
ous dioxin congeners with up to three chlorine substitu-
ents (Chen et al. 2014). Studies pertaining to degradation 
of highly substituted congeners are relatively scarce. To 
this end, there is need to source and develop more bac-
terial strains with unique metabolic potentials which 
can be applied for effective remediation in dioxin-pol-
luted sites as well as using powerful molecular tools to 
detect large-scale bacterial populations from polluted 
unexplored environments (everything is everywhere but 

Fig. 1 General structures of dibenzofurans (a) and dibenzo-p-dioxins (b). The numbering refers to carbon atom available for chlorine substitution
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environment selects owing to different climatic condi-
tions) should also be considered too. In this communi-
cation, we give a summary on the latest knowledge and 
developments in aerobic bacterial degradation and trans-
formation of dioxins and their possible bioremediation 
candidacies for cleanup of polluted soil systems.

Bacterial transformation and degradation 
of dioxins
Generally, microorganisms are essential in the environ-
ment for the degradation and mineralization of organic 
compounds. They transform these pollutants into less 
toxic compounds (metabolites or intermediates) with 
the abetment of microbial enzymes. Microorganisms can 
mineralize an organic compound which is being used as 
the sole carbon and energy source, or they use alterna-
tive sources of carbon and energy and the biotransfor-
mation of these pollutants occurs as a parallel activity 
(co-metabolism). Products of these catabolic reactions 
can be further mineralized and then channeled into the 
biogeochemical cycle, because incomplete degradation 
can lead to formation and build-up of more toxic metab-
olites than its primary substrates in most cases. This can 
also result in shutdown of the degradation pathway of the 
compound (Kao et al. 2001).

Extensive studies have been done on bacterial isolates 
and/or bacterial communities that can degrade PCDD/Fs 
in the environment. Diverse microorganisms are capable 
of degrading non-substituted dioxins (DD/F), but very 
few have the capacity of the aerobic degradation of highly 
chlorinated congeners (tetra- to octachlorinated) because 
of the increased stability chlorination adds to the carbon 
skeleton (Hong et al. 2002, 2004).

Microorganisms isolated by several workers with abil-
ity to degrade persistent organic compounds have so far 
shown encouraging results for subsequent use in biore-
mediation technologies (Halden et  al. 1999; Habe et  al. 
2002; Nam et  al. 2008). From historical perspective, 
studies on microbial degradation of PCDD/Fs started in 
the 1970s (Kearny et  al. 1972; Matsumura and Benezet 
1973) where microorganisms indigenous to soils spiked 
with 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,37,8-TCDD) 
could barely degrade 60% of 100  ppm of the congener 
after 350  d of incubation, even though other dichlorin-
ated congeners were effectively utilized in 70 d. It was a 
general belief that PCDD/Fs are refractory to microbial 
degradation.

The use of microorganisms in soil, water, and sediment 
detoxification processes requires a deeper knowledge of 
the important catabolic routes and critical reactions and 
also factors affecting their efficiency and subsequent opti-
mization schemes to overcome critical metabolic steps. A 
number of studies have suggested some bacterial species 

able to metabolize DD/F and, in some cases, its chlorin-
ated analogues as well as the application of some micro-
organisms as bioremediation candidates. Biochemical, 
molecular, and bioengineering facets of the microbial 
degradation of dioxin compounds have been reviewed 
(Chang 2008; Wittich 1998; Hiraishi 2003).

Microbial reductive dechlorination is the dominant 
metabolic process in anaerobic environments. This is 
quite interesting due to its spectacular catabolic poten-
tial against highly chlorinated congeners. This activity 
was first indicated by changes in the dioxin congener pat-
terns as well as build-up of lightly chlorinated analogues 
in anaerobic environments (Townsend 1983). Anaerobic 
microbial community was implicated in the reductive 
dehalogenation of highly chlorinated PCDD/Fs in con-
taminated sediments, sludges, and soils (Barkovskii and 
Adriaens 1996; Yoshida et al. 2005). However, microbial 
dechlorination of highly chlorinated analogues produces 
most toxic congeners, i.e., 2,3,7,8-TCDD as an interme-
diate due to deletion of chlorine at positions 1, 4, 6 and/
or 9 (Barkovskii and Adriaens 1996). Several species 
of Dehalococcoides are known to dechlorinate PCDDs. 
Chloroethene dechlorinator, “Dehalococcoides ethenogens 
strain 195 has the ability to dechlorinate certain PCDD 
analogues (Fennell et al. 2004). Similarly, Dehalococcoides 
sp. strain CBDB1 known to degrade chlorobenzene was 
also reported to reductively dechlorinate selected PCDD 
congeners (Bunge et al. 2003). It is noteworthy that this 
strain dechlorinated the environmentally significant 
congeners 1,2,3,4-TCDD and 1,2,3,7,8-pentachlorod-
ibenzo-p-dioxin (1,2,3,7,8-PeCDD) to less-chlorinated 
congeners. In addition, molecular analysis has shown 
that the organism contained several reductive dehaloge-
nase (RDH) genes (Holscher et al. 2004).

A promising biodegradation approach for effective 
destruction of PCDD/Fs in environmental matrices may 
consist of sequential anaerobic and aerobic metabolic 
processes. Consequently, anaerobic–aerobic process is 
recommended as a prospective bioremediation scheme 
for cleanup of environments polluted with halogenated 
compounds such as PCBs, PCDD/Fs, and pesticides 
(Adebusoye et al. 2008; Bedard 2008; Gioia et al. 2014; Lin 
et al. 2014). In this scenario, an initial reductive dehalo-
genation step would result in production of lightly chlo-
rinated congeners from highly substituted ones. This is 
followed by degradation and assimilation of the aromatic 
carbon skeleton of the reductive dechlorination products 
in aerobic process resulting in final mineralization of the 
compound. However, some studies have revealed the bio-
degradation of PCDD/Fs (near fully chlorinated DD/DF) 
in polluted environments through biostimulation and 
bioaugmentation (single isolate and microbial consortia) 
under aerobic conditions without accumulation of toxic 
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substituted congeners (Nam et al. 2008; Chen et al. 2013; 
Chen et al. 2016; Lin et al. 2017).

Aerobic bacterial degradation of dioxins
In aerobic conditions, microorganisms degrade dioxins 
and their substituted analogues by hydroxylation and 
cleavage of aromatic nucleus through oxidative degrada-
tion. There are two main processes of initial oxidation of 
dioxin namely: lateral dioxygenation and angular dioxy-
genation. In lateral dioxygenation, hydroxylation of the 
aromatic ring occurs on carbon atoms 1,2 or 2,3 or 3,4 
which is similar to previously described pathways for 
degradation of other aromatic compounds like biphe-
nyl, naphthalene, and polycyclic aromatic hydrocarbons 
(PAHs). In the case of angular dioxygenation, it occurs 
at carbon atoms vicinal to the ether bridge (4, 4a), which 
basically results in the outright destruction of the planar 
structure and consequently leading to the drastic reduc-
tion of the compound toxicity (Wittich 1998). The diox-
ygenases have a wide range of substrates specificity and 
belong to the Rieske non-heme iron oxygenases. A few 
reports have implicated bacteria in the degradation of 
DF through both dioxygenation pathways (Yamazoe et al. 
2004; Le et al. 2014).

Lateral dioxygenation
The first reaction in aerobic bacterial degradation of aro-
matic compounds involves the addition of two hydroxyl 
groups at the lateral position of the benzene ring, with 
consequent production of cis-dihydrodiols (Figs. 2 and 3) 
which is analogous to other aromatic catabolic pathways 
(PCBs, naphthalene, carbazole, etc.). A characteristic 
feature of this kind of degradation pathway is the gen-
eration of a yellow-colored metabolite identified as the 
enol of 2-hydroxy-4-(3′oxo-3′H-benzofuran-2′-yliden)
but-2-enoic acid (HOBB). The enzymes that catalyze the 
incorporation of molecular oxygen into aromatic nuclei 
are called dioxygenases. Catechol is formed during dehy-
drogenation of cis-dihydrodiols by cis-dihydrodiol dehy-
drogenase which is a critical reaction in the catabolic 
pathways of aromatic compounds (Seo et al. 2009). 

However, some bacteria strains have been shown to 
degrade the compound laterally using other aromatic 
compounds (biphenyl or naphthalene) as the princi-
pal carbon source cometabolically (Becher et  al. 2000; 
Mohammadi and Sylvestre 2009; Li et  al. 2009) pro-
ducing HOBB as the final product. Interestingly, Pseu-
domonas putida strain B6-2 has been shown to degrade 
HOBB through salicylic acid when grown with biphenyl 
(Li et al. 2009). Recently, Ali et al. (2019) reported a novel 
dioxygenase designated HZ6359 from Pseudomonas aer-
uginosa FA-HZ1 which was amplified and expressed suc-
cessfully in E. coli. The enzyme was found to belong to a 

family of lateral dioxygenases which was able to oxidize 
DF to 1,2-dihydroxy-1,2-dihydrodibenzofuran as a meta-
bolic product. In addition, the dioxygenase could also 
oxidize halogenated analogues including 2,8-dibromoDF 
and 4-(4-bromophenyl)DF. Although the authors claimed 
that strain FA-HZ1 could also metabolize DF by angular 
dioxygenation, but such could not be substantiated by the 
available data.

Angular dioxygenation
This reaction is mediated by the Rieske non-heme iron 
oxygenases, referred to as angular dioxygenases, which 
occur at angular positions (4,4a or 1,10a) vicinal to the 
ether bridge (Figs. 2 and 3) of DF or DD with subsequent 
production of hemiacetal (unstable), spontaneous cleav-
age, and rearomatization of the hemiacetal produces 
2,2′,3-trihydroxybiphenyl (TrHB) or 2,2′3-trihydroxy-
diphenyl ether (TrHDE), respectively (Xu et  al. 2006). 
The dihydroxylated rings of TrHB and TrHDE through an 
extradiol dioxygenase (TrHB dioxygenase) is then meta-
cleaved. Hydrolysis (hydrolase) of the meta-cleavage 
products yields catechol and salicylic acid from DD and 
DF respectively (Wittich et  al. 1992; Wilkes et  al. 1996; 
Hong et  al. 2004). Additionally, in the case of PCDF, 
metabolism sometimes results in the production of 
2-methyl-4H-chroman-4-ones particularly when the sub-
strate in question has chlorine substituents on both rings 
(Field and Sierra-Alvarez 2008). The angular pathway is 
more important than lateral dioxygenation in decontami-
nation of dioxin, because this single-step oxygenation 
knocks down the planar structure of dioxin and, conse-
quently, reduces its toxicity (constructive pathway).

Generally, three dioxygenases are recognized to cata-
lyze the initial reaction of the dioxin catabolic pathway 
namely; DF 4,4a-dioxygenase (dbfA or dfdA) character-
ized from Terrabacter sp. strain DBF63, DD 1,10a-diox-
ygenase (dxnA) obtained from Sphingomonas sp. strain 
RW1 as well as Rhodococcus sp. strain HA01 and car-
bazole 1,9a-dioxygenase (carAa) from Pseudomonas 
sp. strain CA10 all of which attack at the angular posi-
tion (Field and Sierra-Alvarez 2008). According to Aly 
et al. (2008), expression of both dfdA and dbfA genes was 
observed during growth of strain HA01 on DF. However, 
revelation from the heterologous expression of both oxy-
genase systems confirms their involvement in angular 
oxygenation of DF and DD; they, nevertheless, demon-
strated differential substrate specificity with regards to 
congeners of PCDF transformed. Expansion of studies 
on bacterial metabolism of dioxins has further uncovered 
additional dioxygenases. For instance, a dfdA1A2A3A4 
gene cluster coding for a ring hydroxylating dioxyge-
nase was detected in Nocardioides sp. DF412 (Miyauchi 
et  al. 2008; Sukda et  al. 2009). Surprisingly, these genes 
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were located on a plasmid, whereas the dfdBC gene 
cluster coding for other enzymes downstream of the 
dfdA genes was found on the chromosome. The bphA 
genes encoding the biphenyl dioxygenase, is among the 
most extensively studied dioxygenases that has been 

demonstrated to catalyze the stereospecific oxygenation 
of many heterocyclic aromatics including biphenyl, DF 
and DD.

The BphA proteins are actually famous for catalytic 
dihydroxylation of biphenyl and many PCB congeners, 
but some have been reported to catalyze dioxins even 

Fig. 2 Pathways for metabolism of dibenzofuran through angular and lateral dioxygenation by Janibacter terrae strain XJ-1 as proposed 
by Jin et al. (2006) with slight modification. Dibenzofuran-4,4a-dioxygenase (i), 4,4a-dihydroxy-4-hydro-dibenzofuran dehydrogenase (ii), 
2,2′,3-trihydroxybiphenyl dioxygenase (iii), 2-hydroxy-6-oxo-6-(2′-hydroxyphenyl)-hexa-2,4-dienoic acid hydrolase (iv), dibenzofuran-1,2-dioxygenase 
(v), 1,2-dihydroxy-1,2-dihydrodibenzofuran dehydrogenase (vi), 1,2-dihydroxydibenzofuran dioxygenase (vii), 2-hydroxy-4-(3′oxo-3′H-benzofuran-2′
yliden)but-2-enoic acid hydrolase (viii), and salicylic acid-5-hydroxylase (ix)
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though poorly. Previously, Seeger et al. (2001) unequivo-
cally demonstrated the angular dioxygenation of DD by 
the bphA-encoded biphenyl dioxygenase of Burkholde-
ria xenovorans strain LB400. In contrast, this multifunc-
tion enzyme laterally oxygenates DF resulting in the 
production of dihydrodiols. By implication, this enzyme 
has the ability to hydroxylate ortho or angular carbons 

carrying a range of substituents which exercise elec-
tron-withdrawing inductive effects. In a related study, 
Iwasaki et  al. (2007) also showed that the bphA genes 
of Rhodococccus sp. RHA1 encoded a biphenyl dioxyge-
nase capable of transforming DF conveniently through 
both angular and lateral dioxygenation whereas, DD was 
converted solely though angular dioxygenation. In an 

Fig. 3 Lateral and angular dioxygenation pathway for metabolism of dibenzofuran and dibenzo-p-dioxin, respectively, from the proposed scheme 
of Becher et al. (2000) and Field and Sierra-Alvarez (2008). Product in parenthesis undergoes spontaneous transformation due to its instability. 
Dibenzofuran-1,2-dioxygenase (1), 1,2-dihydroxybenzofuran dioxygenase (2), 2-hydroxy-4-(3′-oxo-3′H-benzofuran-2′yliden(but-2-enoic acid 
hydrolase (3), dibenzo-p-dioxin-1,10a-dioxygenase (4), 1,10a-dihydroxy-1-hydrodibenzo-p-dioxin dehydrogenase (5), 2,2′,3-trihydroxydiphenyl ether 
dioxygenase (6), and 2-hydroxy-6-oxo-6-(2-hydroxyphenoxy)-hexa-2,4-dienoic acid hydrolase (7)
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attempt at expanding the catalytic activity of the bphA 
dioxygenases, a variant of strain LB400 bphA dioxygenase 
obtained by site-directed mutagenesis was found to have 
improved substrate spectrum by acquisition of novel 
and multifunctional degradation capabilities includ-
ing enhanced catalytic activity toward DF (Mohammadi 
et al. 2011; Kumar et al. 2012). This mutant metabolizes 
DF and 2-chlorodibenzofuran (2-CDF) proficiently more 
than the wild type. But quite interestingly, the regiospeci-
ficity of this variant toward both substrates varies. While 
DF was primarily metabolized through a lateral dioxy-
genation, 2-CDF was essentially metabolized through the 
angular route.

A new angular dioxygenase gene cluster pbaA1A2B 
whose products shared 65%, 52%, and 10% identity with 
the corresponding α and β subunits and the ferredoxin 
component of dioxin dioxygenase from strain RW1, 
respectively, was found in the draft genome of Sphingo-
bium wenxiniae JZ-1 (Wang et al. 2014). The gene clus-
ter codes for phenoxybenzoic acid 1′,2′-dioxygenase thus 
enabling the organism to metabolize 3-phenoxyben-
zoic acid. Since strain JZ-1 was unable to utilize DD and 
DF, the connection of this dioxygenase with PCDD/Fs 
metabolism is yet to be established.

Enzymes involved in the upper pathway of dioxin 
degradation
Generally, the first step in the oxidative degradation of 
aromatic compounds to form dihydroxylated interme-
diates is mediated by monooxygenases or hydroxylating 
dioxygenases as shown above. Aromatic ring hydroxylat-
ing dioxygenases belonging to the Rieske non-heme iron 
oxygenases are enzyme systems that are multicomponent 
in nature. On the basis of their sequences, these dioxyge-
nases are classified into four groups namely; I, II, III, and 
IV. Group I consists of homo-multimer oxygenases, while 
the remaining groups contained heterodimer oxygenases. 
Benzoate/toluate dioxygenases are for group II, naphtha-
lene/polycyclic aromatic hydrocarbon dioxygenases for 
group III, while group IV is for benzene/toluene/biphenyl 
dioxygenases (Nam et al. 2001).

The bacterial degradation pathway of dioxins has been 
elucidated in terms of the enzymes involved in sev-
eral bacteria, but the most studied is strain RW1. The 
enzymes consist of the multicomponent dioxygenase, 
meta-cleavage enzymes, and the hydrolytic enzymes 
(Fig.  2). The initial reaction (angular dioxygenation) is 
catalyzed by a multicomponent complex dioxygenase 
which initiates the oxidation of the dioxin molecule by 
the addition of molecular oxygen (Fig.  4). The dioxy-
genase consists of terminal hydroxylating dioxygenase 
(dxnA1-large sub unit and dxnA2-small sub unit) and the 
electron transfer system (two reductases—a flavoprotein 

reductase,  redA2, and ferredoxin,  fdx1) (Armengaud 
et al. 1998). A putidaredoxin-type ferridoxon is utilized in 
the electron transport system as against the usual Rieske-
type ferredoxin. To hydroxylate the dioxin compound, 
the dioxygenase requires dioxygen and electrons. Dur-
ing oxidation of NADH, the electrons are supplied and 
the flavoprotein reductase mediates the transference of 
electron to the terminal oxygenase from NADH through 
the ferredoxin. The multicomponent dioxygenase system 
of strain RW1 is a three-component hydroxylating dioxy-
genase system for aromatics, although the reductase of 
strain RW1 lacks a Fe–S cluster from those of group I and 
III. Therefore, the dioxin dioxygenase system of strain 
RW1 is grouped into class IIA of the aromatic ring-acti-
vating dioxygenases. The genes encoding the initial angu-
lar dioxygenase (dxnA1 and dxnA2) and the electron 
transfer component of the dioxygenases (fdx1 and redA2) 
are not clustered on an operon system but located in dis-
tinct and separate genome segments. This indicates that 
the bacterium might have picked up the genes from other 
organisms, or the dioxin metabolic apparatus according 
to Nojiri et al. (2001) is evolving.

The second enzyme in the dioxin catabolic pathway 
is 2,2′,3-trihydroxybiphenyl (2,2′,3-THB)-1,2-dioxyge-
nase, an extradiol (meta-cleavage) dioxygenase. This 
enzyme converts 2,2′,3-THB to 2-hydroxy-6-oxo-6-(2′-
hydroxyphenyl)-hexa-2,4-dienoic acid (HOHPDA). The 
enzyme is a monomeric protein, relatively small in size 
(32 kDa) and oxygen labile. The primary structure of this 
enzyme has a high homology with 2,3-dihydroxy-1,2-di-
oxygenases from biphenyl-degrading strains because 
of the structural relatedness of the two substrates. Four 
histidines, one tyrosine, and one glutamate of the amino 
acid residues have been shown to function as endoge-
nous ligands to the iron component of the extradiol diox-
ygenases. The final step in the upper metabolic pathway 
of DF involves the hydrolytic cleavage of the C–C bonds 
of HOHPDA to yield salicylate, a reaction mediated by 
HOHPDA hydrolase. Bunz and Cook (1993) demon-
strated that strain RW1 possessed two isofunctional 
hydrolases with both showing 50% homology from the 
N-terminal of their amino acid sequences. Each enzyme 
is responsible for the hydrolytic catalysis of HOHPDA 
and 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid 
(HOPDA) and are essentially constitutively expressed by 
the organism.

Metabolic repertoire of Sphingomonas wittichii 
strain RW1
Substantial research has been done on the metabolic 
functionalities of Sphingomonas wittichii  strain RW1 
with respect to degradation of array of dioxin congeners. 
This strain is considered to be the best characterized 
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among organisms with dioxin degradation capability 
(Nojiri and Omori 2002). It was isolated from Elbe River 
(Germany) through enrichment culture technique and 
grows within the mesophilic temperature range (30  °C) 
(Wittich et  al. 1992). It belongs to the Alphaproteobac-
teria class which assimilates l-arabinose, d-mannitol, 
maltose, and phenyl-acetic acid. The microorganism 
grew on both DD and DF as the sole source of carbon 
and energy. Wilkes et  al. (1996) showed the ability of 
RW1 to oxidize some PCDD/F congeners. The bacterium 
degraded quite a number of mono- and dichlorinated 
DFs and DDs, but failed to degrade the highly chlorin-
ated analogues. 2-chlorodibenzofuran (2-CDF) and 
3-CDF were degraded to their corresponding chlorin-
ated salicylic acids which is an evidence of dioxygenation 
of the aromatic nuclei at the angular position. However, 
in the case of 4-CDF and 2,3-dichlorodibenzofuran (2,3-
DCDF) used as substrate for resting cells, metabolites 

3-chloro- and 4,5-dichlorosalicylic acids, respectively, 
were identified. The non-detection of salicylic acid during 
4-CDF incubation and accumulation of 3-chlorosalicylic 
acid in the culture fluid suggested the lack of dioxygena-
tion of the substituted aromatic ring. 4,5-dichlorosali-
cylic acid recovery was also nearly stoichiometric thus 
indicating that the growth of the organism occurred at 
the expense of the non-substituted ring. The absence 
of dioxygenation on the chlorinated ring of 2,3-DCDF 
may be due to steric hindrance or electronic influences 
by the chlorine substituents on the same aromatic ring. 
Alternatively, salicylic acid may have been entirely con-
sumed by the resting cells, consequently preventing the 
detection of this metabolite. Also, no metabolites were 
detected during the incubation of RW1 resting cells 
with 3,7-DCDF and 2,4,8-trichlorodibenzofuran (2,4,8-
TrCDF) in the culture supernatants. It remained unclear 
whether the recalcitrance was due to electronic effects 

Fig. 4 The multicomponent ring-hydroxylating dioxin dioxygenase functional system of Sphingomonas wittichii RW1 as proposed by Armengaud 
et al. (1998) with slight modification to compound nomenclature. NADH supplied electrons to flavoprotein reductase RedA2) which in turn transfers 
them through ferrodoxin (Fdx1) to the terminal oxygenase (DxnA1A2) whose function is angular oxidation of DF and DD. The metabolic products in 
parentheses are very unstable and undergo spontaneous transformation
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or steric hindrance caused by the heftiness of the chlo-
rine substituents. Similar results were obtained when 
the resting cells pre-grown on DF were incubated with 
the PCDD congeners. In a related study by Hong et  al. 
(2002), DF-grown resting cells of RW1 was used to aero-
bically transform 2,7-DCDD and 1,2,3,4-TCDD. Forty-
seven percent of 2,7-DCDD was biotransformed to 
4-chlorocatechol after 120 h incubation. During 1,2,3,4-
TCDD incubation; however, 37% of the congener was 
transformed. Examination of the entire culture fluid 
showed two metabolites (3,4,5,6-tetrachlorocatechol 
and 2-methoxy-3,4,5,6-tetrachlorophenol) accumulated. 
About 37% of 1,2,3,4-TCDD had been transformed to 
3,4,5,6-tetrachlorocatechol, while 6% was converted to 
2-methoxy-3,4,5,6-tetrachlorophenol.

In spite of the pronounced recalcitrance of highly chlo-
rinated congeners of dioxin, Nam et al. (2006) unequivo-
cally demonstrated for the first time, transformation of 
1,2,3,7,8-PeCDD and 1,2,3,4,7,8-hexachlorodibenzo-
p-dioxin (1,2,3,4,7,8-HeCDD) by S. wittichii strain RW1. 
Interestingly, both compounds are not only ubiquitous 
pollutants, they are known to have long half-lives when 
compared to lightly substituted analogues (McLachlan 
et al. 1996). According to Nam et al. (2006), nearly 100% 
of the initially supplied 1,2,3,4,7,8-HeCDD was trans-
formed through 2,2′,3-trihydroxy-hexachlorodiphenyl 
ether (produced in trace amounts) to 3,4,5,6-tetrachlo-
rocatechol and 2-methoxy-3,4,5,6-tetrachlorophenol as 
major metabolites. Quite surprisingly, 1,2,3,7,8-PeCDD 
which is less chlorinated was not transformed to any 
detectable extent. Similarly too, 1,2,3-TrCDD was trans-
formed through 2,2′,3-trihydroxy-1,2,3-trichlorodiphenyl 
ether to 3,4,5-trichlorocatechol, whereas, 2,3,7-trichlo-
rodibenzo-p-dioxin (2,3,7-TrCDD) was not metabolized. 
The dynamics of dioxin transformation in strain RW1 
readily suggests that chlorine substitution patterns on the 
dioxin ring influences biodegradability rather than the 
overall number of chlorine substituents. Identification of 
the metabolites extracted from the culture fluid further 
implied a dioxygenase attack on the less substituted aro-
matic ring, as depicted in Fig. 5.

In a different study, Bunz and Cook (1993) purified and 
characterized angular dioxygenase enzyme system from 
strain RW1 and called it a three-component ring hydrox-
ylating dioxygenase, designated DF 4,4a-dioxygenase 
system. The enzyme needs the involvement of a flavopro-
tein, reductase A2, and an iron–sulfur protein to which 
is involved in the movement of electrons from NADH to 
the dioxygenase for activation of oxygen which consists 
of terminal oxidase dxnA1, a reductase (RedA2), and a 
ferredoxin as revealed in Fig. 4.

Genes coding for each component in the catabolic 
routes have been cloned, sequenced, and expressed 

(Armengaud et  al. 1998). Gene-encoding enzymes 
involved in DD and DF degradation (dxnA1, dxnA2, fdx1, 
and redA2) are dispersed over the entire chromosome. 
Likewise, genes responsible for the upper pathway have 
also been elucidated, cloned, and expressed in E. coli. The 
authors suggested that the genes are likely participants in 
oxidation of DF and DD.

The complete genome sequencing of RW1 gave in-
depth view on improved studies of its peculiar meta-
bolic competence and the precise locations of the gene 
sequences of interest. The RW1 genome comprises 
of two mega plasmids and one chromosome (Miller 
et  al. 2010). The RW1 genome has multiple TonB-
dependent outer membrane receptor protein genes 
which reside within the operons and was suspected to 
code for enzymes taking part in aromatic hydrocarbon 
catabolism.

Strain RW1 response to changes in water stress con-
ditions through evolving adaptation which is important 
for successful application in soil bioremediation strat-
egy  was a subject of investigation through the genome-
wide expression of the organism in response to induced 
water stress condition. In addition, the bacterium was 
perturbed with either non-permeating solute or cell-
permeating solute. The responses to the different stress 
conditions were assessed and compared using membrane 
fatty acid analyses, growth assays, and transcriptome 
profiling. The results showed that both the non-perme-
ating and permeating solutes triggered divergent adaptive 
responses, indicating that the solutes affect cells in major 
disparate ways (Johnson et  al. 2011). Cellular responses 
of RW1 during DF metabolism were monitored during 
gene transcription (genome-wide level). Several unessen-
tial and related aromatic pathways were proposed as well 
as high-expression level of non-catabolic genes during 
the initial exposure to DF (stressor), However, with con-
tinuous exposure, DF was perceived as a carbon source 
and metabolized through various pathways in parallel 
(Coronado et al. 2012).

In a related study, a genome-wide transposon scanning 
of the bacterium was investigated to have a perception 
on the survival ability of RW1 in a stressed environment 
(Roggo et  al. 2013). It also identified putative functions 
necessary for survival in soil during drought condition. 
To this extent, RW1 transposon libraries were generated 
and grown in liquid medium-containing salicylic acid as 
exclusive carbon and energy source either in the pres-
ence or absence of salt stress conditions. On the other 
hand, libraries were grown in moist sand with salicylic 
acid. On analysis, no transposon reads were recovered 
in 10% of the annotated genes of RW1 genome amount-
ing to a total of 579 genes in any of the libraries under 
any of the growth conditions, thus, indicating those to 
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be important for survival under the stressed conditions. 
Fatty acid catabolism and oxidative stress response are 
important for long-term survival of cells in sand. The 
transcriptome data indicated salient roles in flagellar 

activity, pili synthesis, trehalose, and polysaccharide syn-
thesis, and reputed cell surface antigen proteins when 
grown under stress condition in soil. This demonstrated 
the competence of genome-wide transposon scanning 

Fig. 5 Pathways for biotransformation of 1,2,3-trichlorodibenzo-p-dioxin, A and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin, B by Sphingomonas wittichii 
RW1 (Nam et al. 2006). The compounds in parentheses are very unstable and undergo spontaneous transformation to their respective hydroxylated 
metabolites. Dibenzo-p-dioxin-1,10a-dioxygenase (1), 1,10a-dihydroxy-1-hydrodibenzo-p-dioxin dehydrogenase (2), 2,2’,3-trihydroxydiphenyl ether 
dioxygenase (3), 2-hydroxy-6-oxo-6-(2-hydroxyphenoxy)-hexa-2,4-dienoic acid hydrolase (4)
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methodologies for evaluation of multiplex traits (Roggo 
et al. 2013).

The first investigation on protein analysis of RW1 dur-
ing doxin metabolism was reported by Colquhoun et al. 
(2012). Some proteins linked to DD/DF degradation were 
upregulated and cellular stress was increased during DF 
metabolism. Dioxin dioxygenase was also expressed dur-
ing growth in both acetate and DF. In another study, 502 
proteins were detected when RW1 was grown on DD, DF, 
and 2-CDD during protein profiling (shotgun proteom-
ics) when compared with growth on acetate. Previous 
roles of DxnA1A2, DbfB, and DxnB were established and 
confirmed Swit_3046 dioxygenase and DxnB2 hydrolase 
role in dioxin degradation (Hartmann and Armengaud 
2014).

RNA-Seq (whole transcriptome shotgun sequenc-
ing) was also used to profile transcriptional responses of 
RW1 to DD and DF, while growth in succinic acid served 
as control. Under these conditions, the protein-coding 
genes that were expressed differentially in DF were more 
than 240, while over 300 were expressed in the pres-
ence of DD. Stress response genes were upregulated in 
response to both DD and DF with higher effect in the 
former than the latter, indicating a higher toxicity of DD 
when compared with DF (Chai et al. 2016).

Factors determining the biodegradative capacity and 
environmental behaviour of strain RW1, were performed 
under near natural conditions (non-sterile DF-contami-
nated soil) and compared with laboratory culture con-
ditions (RW1 liquid culture in DF) (Moreno-Forero 
and van der Meer 2015). Reactions were deduced under 
different growth conditions from analyzing recorded 
genome-wide expression profiles. RW1 showed station-
ary phase characteristics, which was evidence of stress, 
nutrient hunting, and primary metabolism adjustment, 
if they were not pre-grown in liquid medium with pol-
lutant as established in the soil. Cells multiplying and 
thriving in sand  degraded DF, but displayed a disparate 
transcriptome indication in liquid culture exposed to 
drought stress, as well as indication of several ‘soil-spe-
cific’ expressed genes was also deduced. Suggestions 
were made on inoculation efficacy by testing behaviour of 
strains under conditions as close to the intended micro-
biome conditions.

Aerobic degradation of dioxins by other bacterial 
species
Bacterial strains other than RW1 that are capable of 
degrading DD/DFs and their chlorinated congeners 
through the dioxygenation pathways have been iso-
lated and characterized. Most of the isolated dioxins-
degrading bacteria are from Proteobacteria (particularly 
Betaproteobacteria and Gammaproteobacteria) and 

Actinobacteria (mainly Rhodococcus and Terrabacter) 
(Hiraishi 2003; Chang 2008). Gram-positive bacteria 
belonging to the phylum Firmicutes initially were not 
really known for their potential to degrade DD/Fs, even 
though some investigators have reported such function-
ality in some species of Bacillus. There are a few reports 
on degradation of 2,3,7,8-TCDD by Bacillus megaterium 
(Matsumura and Benezet 1973), while biosorption of 
1,2,3,4-TCDD and other congeners of PCDF by B. pumi-
lis was demonstrated by Hong et  al. (2000). Extracts of 
thermophilic Geobacillus thermodenitrificans UZO 3 
have also been shown to degrade 2,3,7,8-TCDD (Suzuki 
et al. 2016). Furthermore, dreE gene encoding the protein 
(dioxin reductive etherase) responsible for the reductive 
cleavage of diaryl ether bond of dioxin associated with 
the facultative anaerobic strain UZO 3 has been suc-
cessfully cloned and sequenced (Suzuki et  al. 2018). In 
addition to the technological advancement in molecular 
biology, Bacillus was implicated as one of the dominant 
groups of bacteria during degradation studies of dioxins 
(Chen et al. 2016).

A number of bacterial species utilizing DD/DF for 
growth as presented in Table  1 include Sphingomonas 
yanoikuyae B1 (Cerniglia et al. 1979), Sphingomonas  sp. 
HH69 (Fortnagel et  al. 1990),  S. wittichii  RW1 (Wit-
tich et  al. 1992;  Wilkes et  al. 1996), Sphingomonas  sp. 
RW16 (Wittich et al. 1999), Sphingomonas sp. strain HL7 
(Fukuda et  al. 2002), Comamonas sp. KD7 (Wang et  al. 
2004), Sphingomonas sp. XLDN2-5 (Gai et al. 2007), and 
Rhodococcus sp. HA01 (Aly et  al. 2008). Application of 
these organisms as potential candidates for bioremedia-
tion (bioaugmentation) of DD/F-contaminated soils has 
been studied in simulated soil systems. S. wittichii RW1 
was inoculated into soil microcosms and DF/DD degra-
dation was monitored (Megharaj et al. 1997; Halden et al. 
1999). According to Halden et al. (1999), the degradation 
rate of the pollutant was greatly influenced by cell popu-
lation as well as organic matter content of the soil. Simi-
larly, a significant reduction in PCDD/F congeners was 
observed when dioxins-spiked soil was inoculated with 
Comamonas sp. strain KD7, a DF-degrading bacterium 
in combination with white clover (Trifolium repens L.) 
(Wang and Oyaizu 2011).

Cerniglia et  al. (1979) transformed DD, DF, and 
some monochlorinated congeners using biphenyl- and 
naphthalene-utilizing species of Pseudomonas putida 
and Sphingobium yanoikuyae. Pseudomonas sp. strain 
HH69 (formerly Sphingomonas sp. strain HH69) exhib-
ited oxidative activity towards DD and 3-CDF produc-
ing catechol, l-hydroxydibenzo-p-dioxin, muconic acid 
derivative, and 4-chlorosalicylic acid, respectively (Harms 
et al. 1990, 1991). Wittich et al. (1999) reported the deg-
radation of 2-CDF and 3-CDF by a defined bacterial 
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consortium consisting of Pseudomonas sp. strain RW10 
and Sphingomonas sp. strain RW16 to produce 4-chlo-
rosalicylic acid and 5-chlorosalicylic acid, respectively, 

which were then utilized and mineralized by strain 
RW10.

Ralstonia sp. strain SBUG 290 (now reclassified 
Wautersia sp.) grown on biphenyl cooxidized DF to 

Table 1 Bacterial strains capable of degrading dibenzo-p-dioxin, dibenzofuran, and their chlorinated congeners

Phylogenetic group/species/strains Substrate Mode of dioxygenation References

ClassAlphaproteobacteria

 Sphingomonassp. HH19k DF Angular Fortnagel et al. (1989); Harms and 
Zehnder (1994, 1995)

 Sphingomonassp. HH69 DD, DF, Monochlorinated DDs/DFs, 
Dichlorinated DDs/Fs, Trichlorinated 
DD/Fs

Angular Fortnagel et al. (1989, 1990); Harms et al. 
(1990, 1991, 1995); Schreiner et al. 
(1997)

 Agrobacterium sp. PH-08 DF Lateral, Angular Le et al. (2014)

 Sphingomonassp. RW16 DF Angular Wittich et al. (1999)

 Sphingomonaswittichii RW1 DD, DF, Monochlorinated DDs/DFs, 
Dichlorinated DDs/Fs, Trichlorinated 
DD/Fs, Tetra chlorinated DDs

Angular Wittich et al. (1992), Arfmann et al. 
(1997),Armengaud et al. (1998, 1999, 
2000) and Armengaud and Timmis 
(1997), Armengaud et al. (1998), Bunz 
and Cook (1993), Halden et al. (1999), 
Happe et al. (1993), Hong et al. (2002), 
Keim et al. (1999), Megharaj et al. 
(1997), Wilkes et al. (1996)

 Sphingomonassp. XLDN2-5 DF Angular, lateral Gai et al. (2007)

ClassBetaproteobacteria

 Burkholderiasp. LB400 DD, DF Angular Seeger et al. (2001), Erickson and Mon-
dello (1992)

 Burkholderiasp. JB1 Monochlorinated DDs/DFs Angular Parsons et al. (1998), Parsons and Storms 
(1989)

 Burkholderiacepacia F297 DF Lateral Grifoll et al. (1995)

 Ralstoniasp. SBUG290 DF, Biphenyl Lateral Becher et al. (2000)

Class Gammaproteobacteria

 Pseudomonas resinovorans CA10 DD, DF Angular Habe et al. (2001), Maeda et al. (2003), 
Nam et al. (2001)

 Pseudomonas putida PH-01 DF Angular Hong et al. (2000)

 Pseudomonas putida G7 DF Lateral Cerniglia et al. (1979)

 Pseudomonas putida BS291 DF Lateral Selifonnov et al. (1992)

 Pseudomonas sp.ISTDF1 DF Angular, lateral Jaiswal et al. (2011)

 Pseudomonas aeruginosa DF Angular, lateral Ali et al. (2019)

 Cycloclasticuspugetii
Pseudomonas aeruginosa FA-HZ1

DF
DF

Angular, lateral Fuse et al. (2003), Ali et al. (2019)

Phylum Actinobacteria

 Rhodococcusopacus SAO01 DD, DF Angular, lateral Kimura and Urushigawa (2001)

 Rhodococcuserythropolis SBUG 271 DF, Biphenyl Lateral Stope et al. (2002)

 Rhodococcussp. HA01 DF, 2-CDF, 3-CDF Angular, lateral Aly et al. (2008)

 Rhodococcussp. p52 DF Angular Peng et al. (2013)

 Janibacter sp. YY1 DF Angular, lateral Yamazoe et al. (2004)

 Janibacter terrae XJ-1 DF Angular, lateral Jin et al. (2006)

 Terrabacter (Janibacter) sp. DPO360 DF Angular Schmidt et al. (1997)

 Terrabactersp. DBF63 DF, DD Angular Habe et al. (2001, 2002), Kasuga et al. 
(1997, 2001)

 Terrabactersp. YK3 DF Angular Iida et al. (2002)

Phylum Firmicutes

 Paenibacillus naphthalenovorans 4B1 DF Angular Thanh et al. (2019)
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1,2-dihydroxydibenzofuran, which was meta-cleaved 
between carbon 1 and 9b to produce HOBB, a product 
subsequently metabolized completely through salicylic 
acid route. Production of these intermediates is an indi-
cation of degradation mechanism for DF through lat-
eral dioxygenation by the microorganism (Becher et  al. 
2000). Sphingomonas sp. strain HL7 and Klebsiella sp. 
strain HL1 were isolated from dioxin-polluted soil with 
both exhibiting DF degradation potentials (Fukuda et al. 
2002). In addition to DF, strain HL7 also utilized mono- 
and dichlorinated DD/Fs, while strain HL1 could only 
degrade monochlorinated analogues. The metabolites 
recovered from the culture fluids of these organisms 
were similar to those reported for strain RW1 with the 
exception of catechol and salicylic acid. 4H-1-benzo-
pyran-4-one accumulated, whereas RW1 produced small 
amount of the compound as well as catechol and a lot of 
salicylic acid. In addition, strain HL7 had the dioxin diox-
ygenase alpha-subunit gene of RW1.

Hong et  al. (2004) isolated and characterized Pseu-
domonas veronii PH-03 from a polluted soil following 
an unusual enrichment procedure. The bacteria was able 
to grow on DD, DF, 1-CDD, and 2-CDD, and the meta-
bolic intermediates (TrHB, HOPDA, catechol, and sali-
cylic acid) detected and identified showed consistency 
with the pathway described for dioxin degraders such as 
strain RW1. In addition to those congeners, resting cells 
of strain PH-03 transformed TrHB, and 1,2,3,4-TCDD 
to their respective metabolites such as HOPDA, chlo-
rocatechols, catechol, and salicylic acid. Although there 
was no production of 3,4,5,6-tetrachlorocatechol from 
1,2,3,4-TCDD, significant growth in the presence of the 
substrate was not detected, suggesting that PH-03 could 
not grow on 3,4,5,6-tetrachlorocatechol. DF-grown cells 
(cell-free extracts), TrHB dioxygenase, HOPDA hydro-
lase, and catechol activities were all detected. Moreo-
ver, the activity of catechol-2,3-dioxygenase and TrHB 
dioxygenase (in crude cell-free extracts) was inactivated 
by 3-chlorocatechol, but no inactivation was detected in 
whole cells when 3-chlorocatechol was produced.

In another study, the utilization of DF and DD by 
biphenyl dioxygenase (BPDO) of Burkholderia xenovo-
rans strain LB400 and Comamonas testosteroni strain 
B-356 was elucidated (L’Abbee et  al. 2005). In all cases, 
the enzymes produced cis-dihydro-dihydroxy DF 
(main metabolite) in the lateral dioxygenation pathway. 
Also, the BPDOs produced small amount of THB and 
THDE from DF and DD, respectively, through angular 
dioxygenation.

Similarly, naphthalene-degrading bacterium Novo-
sphingobium naphthalenivorans sp. nov., isolated from 
PCDD-polluted environments co-metabolized DF in the 
presence of naphthalene with consequent generation of 

soluble yellow intermediate product which was similar to 
previously reported studies on naphthalene/DF-degrad-
ing bacteria producing a yellow-colored metabolite 
(HOBB) from aromatic compounds during lateral dioxy-
genation (Suzuki and Hiraishi 2007).

Rhodococcus sp. strain HA01 was isolated for its abil-
ity to grow with DF as the sole source of carbon and 
energy and could also transform 3-CDF, through angu-
lar oxygenation to 4-chlorosalicylic acid stoichiometri-
cally as a dead end product (Aly et al. 2008). In the same 
vein, 2-CDF was converted to 5-chlorosalicylic acid by 
the organism. Lateral oxygenation at positions 3 and 4, 
however, yielded a novel metabolite, 2-chloro-3,4-di-
hydro-3,4-dihydroxydibenzofuran (Aly et  al. 2008). 
Seven strains of Nocardioides aromaticivorans obtained 
from dioxin-polluted surface water and sediments were 
reported to possess DF metabolic functionalities (Kubota 
et  al. 2005). Growth of these novel organisms with DF 
resulted in the production of HOBB.

Janibacter terrae strain XJ-1, isolated from a river sedi-
ment in Japan could also grow aerobically on DF as the 
only carbon source producing TrHB, HOPDA, 3-(chro-
man-4-on-2-yl) pyruvate, and salicylic acid as intermedi-
ates and gentisic acid as the final metabolic product (Jin, 
et al. 2006). However, with the detection and recovery of 
1,2-dihydroxy-1,2-dihydrodibenzofuran from the culture 
fluid of the bacterium, another pathway was postulated 
as a secondary route (lateral dioxygenation) at position 
1 and 2 carbon atom. In this case, 1,2-dihydroxy-1,2-di-
hydrodibenzofuran is transformed to 2-hydroxydiben-
zofuran and 1,2-dihydroxydibenzofuran through 
spontaneous degradation and, consequently, converted 
to salicylic acid (Fig. 2). Since traces of the lateral dioxy-
genation pathway metabolites were spotted, Jin et al. con-
cluded that this catabolic pathway could either be minor 
in DF catabolism or that it may proceed much more 
rapidly to prevent metabolite accumulation. Strain XJ-1, 
therefore, appears to be among the few bacterial strains 
reported to utilize both lateral and angular dioxygenation 
for the degradation of DF.

Jaiswal and Thakur (2007) isolated alkalophilic bacte-
rium, Serratia marcescens from pulp and paper industrial 
effluent by continuous enrichment technique in a chemo-
stat. This organism was able to utilize 80% of DF within 
120 h through the angular degradation oxidative route. 
2,2′,3-THB was detected and no other hydroxyl derivative 
of DF was formed giving a strong evidence that the bac-
terium degraded the compound only through the angular 
catabolic pathway. Pseudomonas strain ISTDF1, another 
alkalotolerant organism with DF metabolic functions, 
was also obtained from the same effluent though in a dif-
ferent study (Jaiswal et al. 2011). The bacterium showed 
substrate-dependent growth over DF which was utilized 
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(100  mg/l) within 30  h at pH 10 and 40  °C. It was also 
able to utilize other recalcitrant PAHs and chlorinated 
xenobiotics. Growth of the organism was unhindered 
when subjected to varying environmental conditions 
(pH, temperature, and DF concentration), thus demon-
strating its potential use as candidate organism for on-
site bioremediation of dioxin-polluted sites irrespective 
of the climatic differences. Furthermore, during degra-
dation of DF by this strain, metabolites identified were 
HOHPDA, gentisic acid, and catechol (angular dioxygen-
ation), while 3-HOBB and 2-(1-carbonyl methylidine)-
2,3-dihydrobenzofuranlidene were indicator metabolites 
of lateral dioxygenation. By implication, unlike S. marc-
escens, strain ISTDF1 was able to metabolize the dioxin 
molecule through both angular and lateral dioxygena-
tion, resulting in the metabolic pathways summarized in 
Fig. 6. In this pathway, it is not chemically feasible for the 
transformation of gentisic acid to catechol to occur, but it 
is possible for HHOPDA to breakdown to catechol. Agro-
bacterium sp. PH-08 isolated from a saw mill waste dump 
site also degraded DF through both angular and lateral 
dioxygenation (Le et  al. 2014). Growth of the organism 
was also sustainable on biphenyl but not as efficient as 
when DF was used as carbon. In contrast, growth was 
not sustainable on other structurally related compounds, 
including dibenzothiophene, diphenyl ether, and carba-
zole. However, these compounds could be cometaboli-
cally degraded by the organism.

Pseudomonas putida strain B6-2 though isolated from a 
biphenyl contaminated soil after selective enrichment on 
biphenyl was found to utilize DF rapidly with production 
of HOBB (major metabolite), 1-hydroxydibenzofuran 
and 4-hydroxydibenzofuran (Li et al. 2009) as metabolic 
products. Pseudomonas mendocina strain NSYSU was 
also isolated from PCP polluted soil through aerobic 
selective enrichment procedures (Kao et  al. 2005). Lin 
et al. (2014) showed the strain’s ability to degrade PCDD/
Fs under anaerobic conditions in liquid medium and aer-
obic degradation in PCP and dioxin-contaminated soil 
slurries. It was able to degrade 70% of octachlorinated 
dibenzo-p-dioxin (OCDD) and octachlorinated diben-
zofuran (OCDF) during the 50-d period of cultivation in 
liquid medium without formation of less toxic congeners, 
while about 98% of OCDD/Fs was degraded in aerobic 
bioreactor soil slurry after 60 d of incubation. Also, the 
effectiveness of using strain NSYSU in the cleanup of 
OCDF-polluted soils was assessed (microcosm) using 
lecithin as a carbon source to enhance degradation which 
eventually resulted in 68% removal of OCDF after a 
period of 64 d (Lin et al. 2017).

Rhodococcus sp. strain p52 was also demonstrated to 
utilize DF, DD, and substituted analogues aerobically 
as sole sources of carbon and energy through angular 

dioxygenation (Peng et  al. 2013). In fact, the organism 
was reported to degrade 500  mg/l of DF within 48  h, 
70% of 100  mg/l of 2-DCDF in 96  h, while 100  mg/l 
each of DD and 2,8-DCDF were degraded, respectively, 
by 95% and 37 in 60 h. In addition, strain p52 was able 
to metabolize a variety of aromatic compounds, includ-
ing, dibenzothiophene, biphenyl, naphthalene, fluorene, 
phenanthrene, anthracene, carbazole, indole, xanthene, 
phenoxathiin, xanthone, and 9-fluorenone. The bacte-
rium harbors two distinct gene clusters encoding angular 
dioxygenases DbfA and DfdA. Both gene clusters were 
located on two different self-transmissible circular plas-
mids found in the cell (Peng et  al. 2013). Paenibacillus 
naphthalenovorans strain 4B1, isolated from PCCD con-
taminated soil, could utilize DF within 48  h incubation, 
89% of 1000 ppm of DF was consumed at 45 °C through 
the angular dioxygenation pathway with the expression of 
the dbf gene (Thanh et al. 2019). In a recent study too, Ali 
et al. (2019) documented the degradation of DF by Pseu-
domonas aeruginosa strain FA-HZ1. The organism has a 
narrow temperature tolerance with a maximum growth 
and DF degradation rates observed at 30 °C while prefer-
ring weakly acidic environment with an optimum pH of 
5.0 rather than pH 7.0 known for other several species 
of bacteria. Furthermore, it grew well at DBF concen-
tration that is practically less than 0.5  mM and shaking 
conditions not over 200  rpm. Identified metabolites in 
the culture fluid implicated both the angular and lat-
eral dioxygenation pathways. Proteomic profiling of this 
organisms identified 1459 proteins out of which 204 were 
significantly expressed when the bacterium was grown 
on DF (Ali et  al. 2019). Out of these 204 proteins, 100 
were upregulated, whereas 104 were downregulated. Not 
surprisingly, DF dioxygenase for DF was among the sig-
nificantly upregulated proteins.

Dioxin degraders as candidate organisms 
for bioremediation
Although physical and chemical destruction techniques 
are available for xenobiotics contamination, environ-
mental regulations and high costs are propelling the 
search for sustainable technologies for destruction 
of dioxin pollutants and bioremediation techniques 
are generally accepted as ecofriendly and cost-effec-
tive. Bioremediation generally exploits the metabolic 
potentials of dioxin-degrading microorganisms. The 
advantage of this technique lies in its usefulness both 
in  situ and ex situ. The application of this method, 
however, is limited due to the lack of suitable micro-
organisms. Interestingly, studies have focused on a 
lot of bacterial strains capable of utilizing dioxins iso-
lated from polluted and non-polluted environmental 
matrices as previously discussed. Inoculation of known 
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Fig. 6 Metabolic pathways for degradation of dibenzofuran by Pseudomonas sp. strain ISTDF1. The scheme was proposed by Jaiswal et al. 
(2011) with a slight modification on the basis of metabolites recovered from the culture fluid. Compounds in parentheses (though not assayed) 
are unstable and spontaneously converted to their respective hydroxylated forms. Arrows designated with question marks are routes that are 
chemically not feasible. Most likely HOHPDA was converted to salicylic acid before being transformed to gentisic acid. Both gentisic acid and 
catechol may evolve from HOHPDA simultaneously. (1), Dibenzofuran-1,2-dioxygenase; (2), 1,2-dihydroxy-1,2-dihydrodibenzofuran dehydrogenase; 
(3), 1,2-dihydroxybenzofuran dioxygenase; (4), Dibenzofuran-4,4a-dioxygenase; (5), 4,4a-dihydroxy-4-hydro-dibenzofuran dehydrogenase, and (6), 
2,2′,3-trihydroxybiphenyl dioxygenase
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dioxin-degrading bacteria to a polluted environment 
to enhance the degradation of pollutants, where indig-
enous microorganisms do not have the capacity to 
degrade these xenobiotics, might be the only approach 
for successful bioremediation. Several studies have 
investigated the bioremediation of dioxins using pure 
bacterial culture or consortia. Aerobic strains such as 
Sphingomonas wittichii RW1, Terrabacter sp. strain 
DBF63, and Sphingomonas sp. strain KA1, have been 
demonstrated unequivocally to degrade DD, DF, and 
some chlorinated analogues in soil slurry (Halden et al. 
1999; Habe et  al. 2001, 2002). This was investigated 
in laboratory soil systems by pure culture or consor-
tia seeding with externally added dioxins or polluted 
soils. Typical results suggested the prospects of such 
strains as candidates for PCDD/Fs cleanup from the 
environment.

Strain KA1 degraded 96% and 70% of 2-CDD and 
2,3-CDD, respectively, after a 7-d incubation in dioxin-
contaminated model soil (Halden et al. 1999). Also, the 
removal of 10  ppm each of DD, DF, and 2-CDD from 
soil microcosms upon seeding with strain RW1 was 
observed. The rate of removal was influenced by cell 
density and soil organic matter content.

Application of Terrabacter sp. DBF63 to dioxin-
contaminated soil slurry system was documented by 
Habe et  al. (2002). According to the authors, the DF-
grown cells degraded 90% 2,8-DCDF (1  ppm) in 7 d, 
even though 76–80% removal was observed within the 
first d of incubation, indicating that prolonged incu-
bation did not significantly improve degradation. On 
the other hand, only 40% depletion was obtained for 
2,3-DCDD under the same conditions of treatment. 
When the study was expanded to include other con-
geners in separate soil slurry, Habe et  al. showed that 
strain DBF63 consumed within 5 d 2-CDF, 2-CDD, 2,8-
DCDF, and 2,3-DCDF by approximately 93%, 79%, 81%, 
and 40% respectively. Similar to initial data obtained 
from 2,8-DCDF and 2,3-DCDF degradation, 2-CDF 
was degraded more than 2-CDD, both of which have 
chlorine substitution at position 2 of the DF and DD 
skeleton respectively. Seeding of the organism with 
dioxin-polluted soil from an incinerator site revealed 
a decrease in PCDD/F concentration (10  ng/g-soil). A 
critical examination of the congeners in the contami-
nated soil showed 10% depletion in the levels of tetra- 
to hexaCDD/F whereas hepta- to octaCDD/F remained 
unchanged (Habe et al. 2002).

A microbial biocatalyst (4 bacteria and 5 fungi with 
dioxin-degrading capabilities) was used to degrade 
PCDD/Fs in an incinerator fly ash in solid-state fer-
mentation setup (Nam et al. 2008). Treated sample indi-
cated reduction (68.7%) of the total toxic PCDD/Fs and 

removal of 2,3,7,8-substituted analogues (66.8%) after 21 
d, while denaturing gradient gel electrophoresis (DGGE) 
was used to monitor the viability of the strains making up 
the microbial biocatalyst during the incubation period. 
The analysis indicated the presence of all the bacterial 
and fungal strains (microbial catalyst) during the incuba-
tion period.

Alkalotolerant bacterial community inoculated into 
soil microcosm resulted in varying levels of DF degrada-
tion (Sahni et  al. 2011). Consortium enriched for 180 d 
showed maximum degradation compared to those with 
45 and 90 d adaptation. The bacterial community analy-
sis observed that the community was efficient and still 
retained its degrading abilities in in situ conditions.

In Chen et al. (2014), soil samples containing high con-
centration of OCDF were used for microcosm study and 
bacterial communities involved in OCDF degradation 
were monitored using high-throughput pyrosequencing. 
Bacterial community succession rapidly changed with 
consequent degradation of OCDF. Sphingomonas, Pseu-
domonas, Clostridium, and Rhodococcus, were implicated 
as potential degraders, while Brevundimonas, Pseudox-
anthomonas, and Lysobacter showed a huge increase 
in their 16S rRNA gene copies during the temporal 
population dynamics. In another study, Wu et al. (2019) 
observed the effects of redox fluctuations in PCDD/
Fs degradation in a bioreactor (two fed-batch continu-
ous stirred tank) under hypoxic conditions. Redox fluc-
tuations at a narrow range showed a higher PCDD/F 
degradation rate when compared with the redox poten-
tial fluctuations at a broad range. Consequently, species 
diversity was higher with dominance of Actinobacteria, 
Bacteroidetes, and Alphaproteobacteria in the narrow-
range redox fluctuation.

In many studies where microbial seeding for contami-
nant cleanup has been a failure, several physicochemical 
parameters were believed to be responsible. According to 
Thompson and coworkers (2005), failure has often been 
attributed to choosing bioaugmentation as the remedia-
tion approach without thorough understanding of the 
fundamentals and rules of engagement. Investigators are 
too quick to jump into conclusions and generally are wont 
to make universal proclamations. Organisms that work 
best in liquid culture conditions in the laboratory may 
not necessarily do well in natural contaminated systems. 
It is this gap in knowledge of the composition and pop-
ulation dynamics of some communities as well as those 
of the target habitats, the procedure for microbial seed-
ing, persistence and performance of inoculated stains, 
and the sole preoccupation with the vigorous search for 
competent degraders as the root of many failures. Tak-
ing these conditions into cognizance, Tu et  al. (2014) 
investigated bioremediation candidacy of P. mendocina 
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NSYSU for cleanup of OCDD both in microcosm and 
at a pilot-scale. Preliminary experiments indicated that 
strain NSYSU could grow aerobically and anaerobically 
under 5% salinity conditions. In microcosm setups, the 
organism degraded up 62% of OCDD after 65 d under 
anaerobic conditions. Lecithin was found to enhance 
metabolism by 9% (71%). Results emanating from the 
pilot-scale study indicated that nearly 75% of OCDD was 
metabolized with the addition of lecithin with no trace-
able metabolite production. Lecithin is known to form 
either liposomes, bilayer sheets, micelles, or lamellar 
structures, and thus, its addition improved the affinity of 
the dioxin to strain NSYSU, resulting in enhanced degra-
dation. It must be mentioned that this activity of NSYSU 
was only observed in inoculated pilot and microcosm 
systems. The organism could not do well in non-steri-
lized soils where indigenous microflora outcompeted it. 
This means that the removal efficiency of OCDD could 
be enhanced with periodical seeding to maintain a higher 
population of strain NSYSU (Tu et al. 2014).

Composts of various sources were used to set up micro-
cosm experiments in a bioreactor which was developed 
to reduce PCDD/Fs in contaminated soils maintained 
under hypoxic conditions (Chen et  al. 2016). PCDD/
Fs degradation in the soil samples was facilitated dur-
ing amendment of cow dung and waste sludge compost. 
Bacterial species richness increased in the contaminated 
soil which varied with the compost source. Actinobac-
teria, Alphaproteobacteria, Gammaproteobacteria, and 
Firmicutes were the dominant bacterial phyla. Rapid deg-
radation of PCDD/Fs correlated with bacterial growth. 
Also, Huang et  al. (2019) monitored the degradation of 
PCCD/Fs-contaminated soil and bacterial communi-
ties during aerobic food waste co-composting, Though 
the microflora was largely dominated by the Firmicutes, 
other prominent phyla are Actinobacteria, Proteobacte-
ria, and Bacteroidetes, while Bacillus was the dominant 
genus with consequent 75% degradation of toxic equiva-
lent quantity.

All studies so far described emanated mostly from 
soil slurry and microcosm laboratory experiments with 
few from bioreactors and pilots systems. The extensive 
knowledge on microbial degradation of dioxins bothered 
mainly on liquid culture studies. Field studies for deploy-
ment of microorganisms for cleanup of dioxin-con-
taminated soil are not yet available, perhaps, still under 
investigation. Nevertheless, results so far obtained from 
laboratory investigations are very encouraging and gen-
erally re-awaken the hope that future cost-effective and 
environmentally–friendly techniques for total destruc-
tion of dioxins, perhaps, solely lie in the scavenging 
activities of microorganisms once the ground rules of 

engagement between the target pollutants and the micro-
bial communities are fully understood.

Future prospects
Globally, it has been shown that eastern North Amer-
ica, Europe, and South and East Asia have the highest 
dioxin concentration in the environment, due to indus-
trial and uncontrolled combustion activities (Dopico and 
Gómez 2015). Dioxins are deposited into the environ-
ment through various chemical operations and dispersal 
of dioxins originating from obscure activities (secondary 
emission). Africa is the most affected through second-
ary emission due to the fact that out of the top 20 dioxin 
impacted countries, 11 countries are from Africa when 
ambient concentration with the ratio of production is 
compared. This can be found in North African countries 
like Egypt, which receives PCDD/Fs from Europe apart 
from their own production of dioxins (Booth et al. 2013). 
However, currently, there is scanty information regarding 
dioxin concentration (polluted sites) in the Africa conti-
nent when compared to Europe, Asia, and America. The 
implementation of policies, social awareness campaigns, 
and enactment of strict legislation has consequently 
reduced dioxin emission levels in these developed coun-
tries. However, in Africa, there is still lack of appropriate 
regulatory acts and social awareness on dioxins emis-
sion. Data available for levels and distribution of diox-
ins are limited which is important for further research 
and observation of the environment. It is imperative to 
have a detailed information on the emission, transpor-
tation, degradation, and precise mapping out of dioxin-
contaminated sites in Africa, especially Nigeria which is 
the most populous country in the continent where there 
is still indiscriminate burning of waste, and use of banned 
chemicals and pesticides.

Conclusion
The use of powerful molecular tools to detect large-scale 
bacterial populations from polluted unexplored envi-
ronments will go a long way in developing more bacte-
rial strains with unique metabolic features which can be 
applied for effective bioremediation in dioxin-polluted 
sites. Use of metagenomics tools should be applied dur-
ing bioremediation in dioxin-polluted sites, which will 
be able to detect active bacterial communities (metatran-
scriptomics) with dioxin metabolic capacity. Since 
dioxins are present in water, soil, and sediments, it is nec-
essary to develop multiple bioremediation methodolo-
gies (biostimulation and bioaugmentation) appropriate 
for individual contaminated sites as well as pre-culture 
of known degraders in a mimicked polluted medium 
prior to inoculation in the polluted soil. Aerobic bio-
degradation of dioxins by bacterial dioxygenase systems 
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is only applicable for the destruction of low chlorinated 
analogues (monochlorinated congeners-to-tetrachlo-
rinated congeners). However, 2,3,7,8-TCDD, other toxic 
PCCD/F congeners and toxic chlorocatechols remain 
difficult to mineralize by bacterial dioxygenase enzymes. 
The engineering of microorganisms and their enzymes 
to have a wide substrate spectrum may produce strains 
with exotic catabolic features with improved efficacy for 
bioremediation.
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