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Abstract
Recent revelation of the evolution of Hexachlorocyclohexane (HCH) degrading sphingomonads and their 

acquisition of lin genes for the degradation of HCH isomers at the HCH dumpsites and HCH contaminated sites has 
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lindanes are known, the secret of contamination of our environment by 
HCH isomers is not very well known. �e problem of environmental 
contamination by HCH isomers has been mentioned very diligently in 
several articles from time to time [12-15]. Scientists, environmentalists 
and government agencies are only just beginning to understand the 
potential risks and consequences associated with contamination by 
HCH isomers especially at the HCH dumpsite. What was not known 
to the public was that the unusual process of HCH production and 
indiscriminate usage was leading to widespread environmental 
contamination. HCH is commercially synthesized by the chlorination 
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[38,39], France [40], Spain [41], Greece [42], Canada [28], Japan [43], 
and many other countries [11] are well documented (Table 2).

While the serious consequences of these dumpsites were not 
known at the time of their creation, the danger posed by these HCH 
isomers is being realized now. To our existing knowledge there seems 
to be no technology available to get rid of these chemicals. �e �rst 
possible and feasible step for preventing the further addition of HCH 
to the environment was to halt its production and consumption. 
Consequently, realizing the danger posed by the HCH isomers, most 

of the nations banned the production of lindane and its usage was 
brought to a halt [4]. However, under the pretext of use of lindane 
for the control of malaria, India continued producing lindane until 
2010. Prior to 1999, only technical HCH was used and its use peaked 
to 25000 million tons during 1990s. During the past 15 years, around 
7000 – 10000 tons of lindane has been produced that should have led 
to stockpiles of HCH muck weighing nearly ~90000 million tons that 
still awaits clearance [29]. However, more accurate estimates of HCH 
residue and the number of HCH dumpsite are missing due to the lack 

Property α-HCH β-HCH γ-HCH δ-HCH
Conformation aaeeee eeeeee aaaeee aeeeee
Molecular weight 290.83 290.83 290.83 290.83
Melting point 159-160 °C 314-315 °C 112.5 °C 141-142 °C
Boiling point 288 °C 60 °C 323.4 °C 60 °C
Water solubility 2.03 ppm 0.2 ppm 7.4 ppm 15.7 ppm
Vapour pressure (1.6 ± 0.9) × 10-2 (4.2 ± 0.3) × 10-5 (5.3 ± 1.4) × 0-3 2.1 × 10-3

Log Kow 3.9 ± 0.2 3.9 ± 0.1 3.7 ± 0.5 4.1 ± 0.02
Solubility in organic solvents
Ethanol  (in 100 g) 1.8 g 1.1 g 6.4 g 24.4 g
Ether (in 100 g) 6.2 g 1.8 g 20.8 g 35.4 g
Benzene (in 100 g) - 1.9 g 28.9 g 41.4 g
BCF in human fat
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of available data. Our frequent visits to this site revealed that HCH 
muck is continuously shi�ed from these dumpsites to other locations 
because of the use of the land that contained these dumpsites for other 
purposes. In most other countries especially in Bitterfeld in Germany 
the sites are completely sealed and there are very little human or animal 
activities there. �e cause of concern today is the HCH muck, especially 
the notorious β-isomer, which is highly bioaccumulative due to its very 
low water solubility and reduced vapor pressure [8]. Moreover, HCH 
residues from the dump sites continuously enter the environment 
either through leaching into the nearby water bodies or too far o� areas 
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A rich microbial diversity at the HCH dumpsite

Bacterial species for long have proven that they can play a 
signi�cant role in putting to use their natural biochemical processes 
for the cycling of nutrients and detoxifying many harmful compounds. 
Although understanding the evolution of catabolic genes in bacteria is 
di�cult, HCH pressure o�ers a very good example of bacteria acquiring 
catabolic genes in a very short span of time as the �rst dissemination of γ 
- HCH into the environment occurred around 65 years ago. Since then, 
under HCH pressure, bacteria not only adapted to the menace, but also 
acquired the ability to degrade it and found ways for the dissemination 
of HCH catabolic genes across themselves. As stated previously, a�er 
their isolation in 1990 both, S. japonicum UT26 and S. indicum B90A 
for at least 10 years remained the only two strains known which had 
the ability to degrade HCH. However, Boltner et al. [24] and Mohan et 
al. [26] reported a large number of HCH metabolizing bacteria from 
the dumpsites (to varying degrees) located in Germany and Spain. 
During the next �ve to six years or so, the literature was �ooded with 
novel HCH degrading bacterial strains, mostly sphingomonads that 
were isolated from many such HCH dumpsites from India [30,31,44-
46,53,54], Germany [24], Spain [26], Japan [43] and Czech Republic 

[36,47,48] and China [27]. �ese bacterial strains have helped in a 
better understanding of the biochemistry and genetics of degradation 
of HCH isomers [11] along with providing a way for remediating HCH 
by biological means.

�e �rst basic requirement for developing a bioremediation 
technology is �rst to understand the gravity of the problem and then to 
look for suitable microorganisms with degradation potential. �is seems 
to have been ful�lled to some extent. It is also essential to understand 
the basic biochemistry, genetics and physiology of degradation pathway. 
Suitable microbes can then be mass cultivated and used individually or 
in form of consortia followed by �eld studies. In this context, the above 
mentioned aspects to develop a bioremediation technology are nearly 
complete.

HCH degrading lin genes: A rapidly evolving system at the 
HCH dump sites	

�e catabolic genes involved in the degradation of HCH isomers, 
termed as lin genes, were �rst identi�ed in Sphingobium japo0 52 j  
UT26. Subsequently, other lin genes (
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identi�ed that were involved in either the uptake or the degradation of 
HCH isomers in this strain. LinA 
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linA viz., linA1 and linA2 [58] are found which preferentially degrade 
α -HCH: (+)-, and (-)- α -HCH to β -1,3(S),4(S),5(R),6(S)-PCCH and β 
-1,3(R),4(R),5(S),6(R)-PCCH respectively [59].

linA gene was �rst cloned by Imai et al. from the organism 
Sphingobium japonicum UT26S and then expressed in Escherichia coli 
followed by its puri�cation [65]. Further study has revealed its sub-
cellular location in the periplasmic space [66]. �e enzyme is 156 a.a. 
long, with GC content 53%. �e activity of the enzyme depends on the 
stereochemistry of the enzyme and thus it was con�ned to only those 
isomers which possess 1,2-biaxial HCl group [67,68].

linA gene from Sphingobium japonicum UT26S was analyzed for 
its stereochemistry to propose the absolute con�guration, con�rmation 
of the reactants as well as products and the reaction mechanism by 
Tratirek et al. [68]. �e study brought to light few very interesting 
points like the most probable con�guration of γ -HCH in the active 
site is its chair conformation and the HCl pair involved in the reaction 
is made to adapt the 1,2-biaxial con�guration in the enzyme active site 
because the enzyme favors this spatial con�rmation in order to prefer 
it as a substrate. �e reaction mechanism of γ -HCH dechlorination is 
similar to E2-like dehydrochlorination mechanism. �e role of amino 
acids is very crucial as His-73 is also assisted by Asp-25 which helps it 
in maintaining the proper orientation and also stabilizes the positive 
charge which develops on the histidine imidazole ring during this 
reaction. It has been also proposed that other residues like Lys-20 and 
Arg-129 also help in stabilizing the intermediates via non-bonding 
interactions with hydrogen and chlorine atoms.

Further, the linA protein shows catalytic mechanism similar to 
the enzyme scytalone dehydratase [69]. It is basically a homo-trimeric 
protein with a molecular weight of 16.5 kDa and it belongs to a group of 
folds called α+β rolls. It is proposed that the polypeptide chain of linA 
forms α + β barrel which forms a hydrophobic cavity that in turn forms 
a binding pocket. �e putative catalytic residues H73-D25 and putative 
substrate binding residues K20 and R129-D115 are situated inside this 
cavity. K20 and R129 are supposed to interact with the chlorine atom 
in order to stabilize the leaving Cl-
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Interestingly, the stereochemistry of 1,2,5,6,9,10 Hexabromocy-
clododecan seems to be similar to 1,2,3,4,5,6 Hexachlorocyclohexane 
[89]. In both the cases the six stereogenic centers are formed by com-
plete halogenation of corresponding precursor molecule. Streogenic 
centers are formed at positions 1,2,5,6,9 and 10 (total six in number) 
during the bromination of 1,5,9- cyclododecatrienes. Cyclododecatri-

enes (CDT) are also present in four isomers, trans, trans, trans-; trans, 
trans; cis-, trans, cis, cis- and cis, cis, cis-. Technical grade CDT used in 
the synthesis of HBCD are a mixture of these four isomers. Depend-
ing upon the purity of the substrate di�erent mixtures of HBCD’s are 
formed constituting various isomers.

HBCD’s are constituted by a total of 16 stereoisomers which 
include six diastereomeric pairs of enantiomers and four mesoforms. 
�e stereochemistry of HBCD’s is far more complex than that of HCH. 
However, based on the striking structural and physiological similarities 
of HCH’s and HBCD’s, it was postulated and hypothesized that LinA 
and LinB might also accept HBCD’s as substrates. Heeb et al. [82] 
reported the biotransformation of α-, β-, and γ-HBCDs by LinB from 
Sphingobium indicum B90A. In 2014, the study was extended to LinA 
and even LinA was found to metabolize HBCD’s [90].

As mentioned earlier, LinB being a haloalkane dehalogenase 
enzyme with broad substrate activity acts on a wide range of 
substrates. �is includes β - and δ - HCH, heptachlorocyclohexanes, 
pentachlorocyclohexenes and tetrachlorocyclohexadienes to mono-
hydroxymetabolites [91]. Hebb et al. [82] has introduced new class of 
its substrates i.e. hexabromocyclododecanes (HBCDs). In the study, 
they used LinB from Sphingobium indicum B90A, which is already 
known for its two step transformation of HCH isomers. Enzymatic 
transformation of HBCD’s by the activity of LinB was found comparable 
to HCH due to their similar structural and physiological properties 

Figure 4a: Similarity in the activity of LinA and LinB on HCH and HBCD’s; 
Activity of LinA on 1,2,3,4,5,5-hexachlorocyclohexane leads to the 
production of 1,3,4,5,6- pentachlorocyclohexane and activity of LinB on  
1,2,3,4,5,5-hexachlorocyclohexane leads to the production of 2,3,4,5,6- 
pentachlorocyclohexanol. 

Figure 4b: Similarity in the activity of LinA and LinB on HCH and HBCD’s; Activity of LinA on 1,2,5,6,9,10 hexabromocyclododecan leads to the production of 
1,5,6,9,10-pentabromocyclododecene and activity of LinB on  1,2,5,6,9,10 hexabromocyclododecan  leads to the production of 2,5,6,9,10 pentabromocyclododecanol.

Figure 3: Ů-HCH degradation pathway: ɛ-HCH is hydroxylated by LinB to E1 and E2 compunds whereas LinA dehydrochlorinatesɛ-HCH to TCBs. At times, LinA and 
LinB seem to compete with each other for this single substrate.
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[92,93]. Like HCH, in the �rst step, HBCD’s are hydrolyzed to mono-
hydroxylated pentabromocyclododecanols (PBCDOHs) and were 
further transformed to di-hydroxylated tetrabromocyclododecadiols 
(TBCDDOHs) (Figure 4). Moreover, the study also highlighted that 
PBCDOHs is not naturally occurring compound however identi�ed as 
by-product in HBCD’s mixtures. Hence, LinB haloalkane dehalogenase, 
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