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1 4.1 Introduction 

As t h e  human civil ization progressed man  s t a r t e d  producing more  and 
more  synthet ic  ma te r i a l s  including toxic  chemicals  fo r  his c o m f o r t s  and well 
being. All these  mate r i a l s  a f t e r  serving his purpose w e r e  ult i lnately dumped 
in to  t h e  environment.  This continuous and  unabated onslaught on t h e  envi- 
ronment  has  been very severe  and e v e r  increasing during t h e  las t  f e w  
decades. However, with t h e  remarkable  and unparalleled abil i ty of t h e  
n a t u r e  t h a t  is  bestowed with t h e  abundant and t h e  most  dynamic  microbial  
communi t ies  i t  could, t o  a g r e a t  e x t e n t ,  withstand th i s  onslaught. These  
mic roorgan i s~ns  evolved continuously t o  gain t h e  abi l i ty  t o  detoxify and 
decompose a l l  t h a t  was  dumped in t o  i t ,  The remarkable  ca tabol ic  versati- 
l i ty of microbial  com~nurr i t ies  in soil, w a t e r  and sewage  makes  t h e m  unques- 
tionably t h e  major decontaminat ing agents.  However, with t h e  advent  of a l l  
those  highly reca lc i t r an t ,  halogenated and  complex chemica l  compounds which 
man synthesized and s t a r t e d  using indiscreminately fo r  Industrial and agri- 
cul tura l  purposes and  hea l th  programmes t h e  scenar io  s t a r t e d  changing. The 
indegenous microbial  communi t ies  were  not  ab le  t o  cope  with t h e  continuous 
flow of these  xenobiotic compounds t o  i t s  f ragi le  ecosystem,  thus  result ing 
in t h e  accumulat ion of pollutant  chemica l s  In t h e  environment.  

These cornpounds f rom t h e  environment  then s t a r t e d  ge t t ing  in t o  t h e  
food chain  eventually reaching t h e  human body. A nlimbcr of organochlorine 
pesticides,  polychlorinated biphenyls and a number  of o the r  industrial 
chc:micals cons t i tu te  a major bulk of these  reca lc i t r an t  and toxic  xenobiotic 
compouncfs. The  decomposit ion of these  chemica l  residues in n a t u r e  is very 
slow and, hence,  c a n  persist  for  severa l  years  causing setaious environmental  
pollution. The  only consoling f a c t  is t h a t  na tu re  Is s o  bountiful in Its 
rrlicrobial communi t ies  and  they a r e  continuously evo lv l~ lg  genet ica l ly  t o  
survive in t h e  changing chernical  and physical condit ions of the i r  habitat .  
However,  i t  is  not  advisable t o  be complacent  and l eave  t h e  task t o  na tu re  
alone. For  t h e  l a s t  severa l  yea r s  sc ient is ts  ai l  over  t h e  world have  been 
ir~volved in finding ou t  methods  and in developing technologies for  detoxifi- 
ca t ion  of  chemica l  industry wastes,  sewage etch before  they a r e  disposed off 
t o  t h e  erlvironrnent a s  well as fo r  decontaminat ing t h e  a l ready poliuted 
environment.  The  potent ia l  use of degradatory  microorganisms f o r  these  
purposes has  been well recognized and a lo t  of research e f f o r t s  in th is  
d i rec t ion have a l ready been made. A number of microergai~lsms and microbial 
consor t ia  have been isolated and developed in laboratory  for  speci f ic  pur- 



poses. In th i s  a r t i c l e  i t  i s  intended t o  give a n  overview of biodegradation 
and bioconversion of di f ferent  groups of pollutant chernicals by microorga- 
nisms as well as t o  highlight some of t h e  undesirable biotransformations 
taking place in nature.  

1 4.2 The recalcitrance of pollutant chemicals 

A chemical  compound is called recalc i t rant  when it is a t t acked  slowly 
or not a l l  by microbial systems. Though t h e  recalc i t rance cannot  be  a t t r i -  
buted s t r ic t ly  t o  t h e  s t ructural  fea tu res  of a molecule t he  following gene- 
ralization could be  made  a s  t h e  cause of recalc i t rance : 

1. Polymerization, eg. synthet ic  polymers such as polystyrene, polypropy- 
lene, polyvinyl chloride .etc., 

2. Introduction of halo-, nitro-, and sulfo-groups o r  of brsnched carbon 
chains into a molecule eg. Pesticides, polychlorinated biphehyls (PCBs), 
chlorophenols, e tc 

3. Increasing t h e  nurnber of substi tutions of a rnolecuke 

Highly recalc i t rant  cornpounds include most  of t h e  organochlorine pes- 
ticides, polychlorinated biphenyles (PCBs), polychlorinated pheno!~  such as 
pentachlorophenol and a number of o ther  haloaromatics,  Pesticides such a s  
hexachlorocyclohexane (BHC), dichlorodiphenyltrichloroethane (DDT), hepta- 
chlor, chlordane, aldrin, dieldrin, telodrin etc. can  persist  in t h e  envi- 
ronment for  sevral  years  (Khan 1980). 

1 4.3 Pollutant chemicals 

Pollutant chernicals a r e  those which cause  adverse  e f f e c t s  on f lora  and 
fauna  including man due t o  their  permanent o r  t ransi tory accumulation in t h e  
environment. Their toxic  e f f e c t  on  man may be  d i rec t  or through indirect  
act ion on t h e  t e r res t i a l  and aqua t ic  ecosystems. Organochlorine insecti- 
c ides  such a s  BHC (HcH), DDT, aldrin and o ther  industrial chemicals viz. 
chloroform, ca rbonte t ra  chloride tri-and te t rachloroethene etc. have been 
de t ec t ed  in soil, su r face  and ground wate r  and drinking water ,  though in 
levels well below those of a c u t e  toxicity. However, due  t o  their  persis- 
t a n c e  and bio-concentration through food chain they reach human body and ge t  
accumulated in t h e  adipose t issue in large amounts  due  t o  their  lipophilic 
nature.  Many of these  cornpounds have been shown t o  be carcinogenic and 
teratogenic.  Organochlorine pesticides have been shown t o  cause inferti- 
lity, pulmonary edema,  nervous disorders and various o ther  health problems. 
In india and many other  developing countr ies  hlgh levels of HCH and DDT 
residues have been repor ted in human fat. These compounds find their  way 
in to  human body mainly through food intake. Almost every food a r t i c l e  espe- 
cially dairy products in our country has been shown t o  be highly contamina- 
t ed  with these  toxic chernicals. High levels of these  compounds have been 
de t ec t ed  even in breast  milk. Resides these  cornpounds a number of other  



compounds a r e  also included in pollutants list. lJnited S t a t e s  Environmental 
Protect ion Agency (US-EPA) has prepared a ' l i s t  of priority pollutants' 
a f t e r  evaluating a lot  of da t a  on biodegradability, frequency of occurence 
in water ,  environmental  behaviour, toxicity and production capaci ty  of seve- 
ral industrial chemicals  (Table 1 ). 

However, t h e  si tuation in India is slightly di f ferent  as t h e  amounts  
and types of industrial and agricultural  chemicals produced and used here  
a r e  different.  For example,  India is one  among t he  several  developing 
nations where technical  grade BHC and DDT a r e  s t i l l  being used extensively 
for  insect  c o i ~ t r o l  whereas USA and o ther  advanced countr ies  have banned t h e  
use of these  chernicals way back in ear ly  1970s. Hence, t he  environmental  
pollution with these  compounds is much more  serious In our country than t h e  
developed nations. Pollution with PCBs is more a c u t e  in advanced countries 
than in India. 

The en t ry  of pollutants into t h e  environment may be directly f rom t h e  
source in a concentra ted fo rm o r  indirectly in a dispersed manner through 
t he  consumer, Fig  1 gives t he  pathways of pollutant en t ry  t o  t h e  environ- 
men t  through dif ferent  routes. 

1 4.4 Microbial degradation of pollutant chemicals 

Microbial degradation of chemical  compounds in nature  may be through 
aerobic  o r  anaerobic processes. The complete  degradation may be e f fec ted  by 
a comrnunity of several  d i f ferent  microbial species or  by a single strain,  
t h e  fo rmer  being more commorr. However, some compounds a r e  not get t ing 
completely mineralized in nature. They a r e  get t ing bioconverted in t o  some 
o ther  cornpounds. In many cases  t h e  bloconvettion results  In elimination of 
t h e  toxicity of t he  pollutant c!~ernical. However, the re  a r e  cases  where 
bioconversions lead t o  t h e  formation of compounds which may be more toxic  
than t h e  parent co~npounds.  This aspec t  will be dea l t  with separetely l a te r  
in th is  ar t ic le .  

Microbial degradation/transformation of pollutant chemicals may be 
c f l e c t e d  through various metabolic processes. Matsurn,lta (1982) has  presen- 
ted a n  excel lent  classlficntion of t he  types of metabolism of chemical com- 
pounds which is as foiiows: 

1 4.4.1 Enzymatic 
14.4.1.1 Incidental metabolism : In th is  type of metabolism t h e  pollu- 

t a n t  chernicals themselves cannot serve as carbon and energy sources t o  t h e  
metabolizing microorganisms. 

i) Metabolism by generally available enzymes. 

a. Metabolism due t o  t h e  generally present braad spectrum enzymes 
(e.g. oxidases, hydroxylases, monoxygenases, dioxygenases, hydro- 
lases etc). 



b. Metabolism due t o  specific enzymes present in many microbial 
species. 

ii) Analog-induced metabolism (co-metabolism) 

c. Metabolism by enzyrnes utlizing substrates structurally similar t o  
the cornpound of interest. 

All the  above three types of incidental biodegradation of pollutant 
chemicals can, generally, be termed a s  co-metabolism as this phenomena 
occclres when the  microorganisms naturally grow utilizing some other subs- 
t r a t e s  as carbon and energy sources. 

14.4.1.2 Catabolism: In this case  pollutant chernlcals themselves serve 
as carbon and enery sources. 

d. The chemicals or a part  of the molecule is available a s  a carbon 
source. 

e. The chemical is not readily utilized but serves a s  inducer of 
specific catabolic enzymes. 

1 4.4.1.3 Detoxification metabolism 

f. Metabolism by resistant microbes. 

Thus, we find tha t  the  degradation/detoxificatlon of pollutant chemi- 
cals in nature takes place through very complex metabolic processes. 

Hundreds of bacterial species and several fungal strains have been 
found t o  be capable of degrading a bewildering number of synthetic chemicals 
tha t  a r e  being used and released t o  the  environment, A humber of microorga- 
nisrns capable of degrading different pollutants belonging to a wide array of 
chemicals groups have been isolated by several workers add thorough investi- 
gations on the  mechanisms of degradation of specific chemicals have been 
made (Gibson, 1984; Golovleva e t  al, 1992, Chaudhry and Chapalamadugu, 199 1 ; 
Leisinger and Brunner, 1986; Leisinger et a1 1981; MacPae, 1989, Matsumura 
and Krishnamurti, 1982; Lal, 1984; Khan 1980). Howevet, the  primary objec- 
t ive of this ar t ic le  is to  highlight the  f a t e  of the  more recalcitrant and 
toxic compounds. 

1 4.4.2 Degradation through aerobic metabolism 
Aerobic metabolism of organic molecule involves mo;ecular oxygen : the 

transfer of electrons from organic substrates t o  oxygen generating energy 
for  the  cell, and the  introduction of oxygen into the substrate which acti- 
vates i t  for  further metabolism. Majority of the aromatic  compounds a r e  
catabolised aerobically although there  a r e  also few reports of anaerobic 
degradation of the  aromatic  nucleus. The fission of the molecular oxygen is 
catalysed by the  enzymes oxidases, monooxygeoases and dioxygenases, the  



l a t t e r  two  being irivolved in t h e  oxidation of orgaliic substrates.  Monooxy- 
genases a c t  generally on aliphatic compounds whereas dioxygenases a r e  
involved in t he  breakclown of arorrlatic substances. 

1 4.5 Aliphatic hydrocarbons 

The major cornponunts of crude oil petroleum products a r e  aliphatic 
hydrocarbons. Arnong these  n-alkanes especially t h e  long chain alkanes a r e  
readily utilized by several  s t ra ins  of Pseudomonas, A r t h r o b a c ~  -FA-p Mycobac- 
ter ium a s  sole source of carbon and energy. However, low cham alkanes a r e  
more res is tant  t o  microbial degradation. Only a few specialized bacterial  
species can  degrade C1-C4 alkanes and alkanes in c ~ - c ~  range a r e  toxic t o  
rnany rnicroorganisrns. Allcyclic hydrocarbons a r e  more resistant t o  microbial 
a t t a ck  particularly when they a r e  conver ted into  products of corn~nerc ia l  
in te res t  such as pesticides. 

14.6 Halogenated aliphatic compounds 

These cornpounds a r e  extensively used a s  chemical  in termediates  and as  
solvents in a variety of industrial processes, a s  aerosol propellants, a s  
nematocides and a s  fumigants. Nearly 150 such compounds a r e  cornlnercially 
produced and some of them in large quantities. Many of these  compounds have 
been de tec ted  in soil, wa te r  and a i r  a s  pollutnats. Microbial degradation 
of a large number of these  compounds have been repor ted (Chaudhry and Cha- 
palamadugu, 1 99 1 ). 

Table 2. gives a list of haloaliphatic compounds degraded aerobically 
by microorganisms. Strains of Pseudomonas, Moraxella, Xanthobacter e tc .  
have been found t o  be involved in t he  degradation. 

1 4.7 Aromatic hydrocarbons 

Benzenoid cornpounds a r e  t h e  most comlnon organic cornpounds found in 
nature.  These a r e  generally very easily broken down by natural  bacteria. 
However, polycyclic arornat ic  cornpounds a r e  more recalc i t rant .  Condensed 
po lya roma t~cs  having two t o  four rings a r e  very slowly degraded and those 
with f ive  o r  more rings a r e  poor substra tes  for microbial a t t ack .  Introduc- 
tion of alien substi tuents t o  t h e  a romat ic  nucleus generally makes  them more 
recalcitrant.  Substitution with halogens such as chlorine makes a romat ic  
co~npoctnds toxic and persistent. PCBs, polychlorophenol~, polychloroben- 
zoa tes  etc. a r e  notorious examples of such pollutant arornatic derivaties. 
However, In recent  years, bacterial  s t ra ins  capable of degrading a number of 
these  cornpounds including mono-, di-, tri- and tetra-chlorobenzoates, mono-, 
dl-, tri- and penta-chlorophenols and some of t h e  PCBs have been reported. 
(MacRae, 1989; Chaudhry and Chapalamadugu, 199 1 ). 

Most of t he  alkyl-substitcr.ted a romat ic  cornpounds such as isomeric 
xylenes, cresols, xylenols etc. have been shown t o  be amenable t o  microbial 



degradation. A pllenol-degrading Pseudomonas sp. Strail)  CP4 isolated in our 
laboratory was foc~rld t o  tlegr'lde--high levels of all t he  3 iso:ners of 
cr.eso1 and xylcnol. 

The cr i t ical  s t ep  in ;Ire rr~etabolism o: a romat ic  co~npounds is t he  des- 
t ruct ion o f  t h e  resonance s t ructure ,  t h a t  is t he  fission of t h e  benzenoid 
ring and tl>is is achieved by dioxygenase-catalyzed reactions in aerobic 
systems, The benzene rings must ca r ry  a t l eas t  two  hydroxyl groups e i ther  
or tho o r  para t o  e ach  other ,  t o  be ac t ed  upon by ring cleaving enzymes. - 
Dased on t h e  substra te  t h a t  is a t t acked  by t h e  ring-cleavlr,g enzyme dioxyge- 
nase the arornatic rnetabolis~rl can  be grouped a s  Eatechol pathway, gent isa te  
pathway and protocatechuate  pdthway. (Fig. 2). In all  these  pathways, t h e  
ring act ivat ion by introduction of hydroxyl groups is followed by enzymatic  
ring cleavage.  The r ing f issiclrl products then undergo fur ther  transforrna- 
tiorls leading t o  t h e  general  metabol ic  pathways. 

14.8 Catecho1 pathway 

Most of t h e  a roma t i c  catabol ic  pathways converge a t  catechol.  Cate-  
chols a r e  forrned a s  interrnediates f rom a vast  range of substi tuted and non- 
substi tuted mono-and polyarornatic <:ornpounds. The initial reaction of t he  
arornat ic  compounds is  ca ta lyzed  by dioxygenases leading t o  t h e  formation of 
cis-dihydrodiols which a r e  then conver ted t o  catechols  by t he  act ion of a - 
dihydrodial dehydrogenase. This reaction involving molecular oxygen occurs 
mainly in prokaryotes. These dioxygenases a r e  highly labile enzymes and 
have not been studied in detail.  In eukaryotic organisms t h e  initial reac- 
tion is catalysed by a monooxygenase forming - trans-diol in termediates  which 
derive one hydroxyl group from water. 

The catechols  a r e  cleaved e i ther  by ortho-fission (intradiol i.e. bond 
between t h e  two hydroxyl groups) or by a meta-fission (extradiol i.e. bet- 
ween one of t he  hydroxyl groups and a non-hydroxylated carbon) a s  shown in 
Fig 2.  Most of t he  ilioxygenases involved in t he  ring fission of catechols  
have been well characterized.  

Generally, substi tuted catechols  a r e  formed from t h e  substi tuted aro- 
rnatic co~npounds  eg. chlorobenzenes chlorobenzoates, chlorophenols e t c ,  a r e  
corlverted t o  t he  respective chlorocatechols, and toluene, methyl benzoates, 
cresols e t c  t o  t he  respective methyl catechols. 

As a general  ru!e most  of the  haloaromatics a r e  degraded through t he  
fortrlation of t h e  respective halocatechois t he  ring fission of which takes  
place via. ortho-mode. On t he  contrary most of t he  nor+halogenated arorna- 
t i c s  a r e  degraded through rneta-pathway. The fission product of ortho-clea- 
vage would be cls-cis- m u c o ~ ~ i c  acid  or  i t s  derivative depending on whether 
t h e  catechol  is  substi tuted or not. The meta-fission product of catechol  
and substi tuted catechols  would be 2-hydroxymuconic semialdehyde and i t s  
substi tuted derivatives, respectively. The ring-cleavage products of both 



ortho-and rneta-pattiways a r e  fur ther  metabil ised t o  in termediates  of t h e  
tr icarboxylic acid  cycle. 01-tho-pathway is t h e  rnost produclive pathway for 
t h e  o r g a ~ ~ i s m  as i t  involves less expendi ture  of energy,  

1 4.9 Gent i sa te  pathway 

In sorne cases  through t h e  act ion of a monooxygenase i iromatic cornpounds 
may be  conver ted t o  gent is ic  acid. The ring fission in th is  compound occurs  
between ttie hydroxyl and carboxyl group ie. meta-fission (Fig. 3). 

14.1 0 Pro toca techua te  pathway 

In some cases  t h e  chloroat~omat ic  cornpounds such a s  4-zhlorobenzoate, 
4-chlorophenol and o thers  may g e t  dechlorinated fortuitously during t h e  
hydroxylation of t h e  4 th  carbon through t h e  ac t ion  of hydroxylase resulting 
in t h e  format ion of 4-hydroxybenzoate (4-HBA). This 4-HBA will be conver- 
ted  t o  protocatechuic  acid  (3,4-dihydroxybenzoic acid) which may be  cleaved 
e i the r  through - ortho-or through rneta-mode (Fig.4) 

1 4.1 1 Microbial degradat ion of haloaromat ics  

Very large  quant i t ies  of halogenated a romat ic  compounds a r e  produced 
and used a s  solvents, a s  chemical  f eed  s tock for various chemical  synthesis, 
a s  lubricants,  insulators, pesticides, plast icizers ebc. A portion of these  
chemical  r each  t h e  environment and persist  due t o  thei r  recalc i t rance.  
t iowever,  microorganisms have been shown t o  degrade some of them under cer-  
t a in  circumstances.  Microbial degradation and t h e  biochemical  mechanisms of 
degradation of haloaromatics have been extensively reviewed by several  wor- 
kers (Reineke 1984, Ghosiil et al, 1985, Chaudhry and Chapalamadugu, 199 I ) .  
Table 3. gives a list of  chioroaromat ic  cornpounds t h t  a r e  degraded by pure 
microbial cultures. 

Though most of t h e  chloroaromat ic  compounds a r e  reca lc i t r an t  and toxic  
PCBs, pen tach lo~ophenol  (PCP) and 2,4,5-T mer i t  a special  mention a s  they 
have been d e t e c t e d  t o  be rnajor pollutants, part icularly in developed coun- 
tries. PCBs a s  mixtures of d i f fe ren t  isorners a r e  used extensively in trans- 
fo rmer  oils, capaci tor  dielectrics,  hea t  t ransformer  fluids and many o ther  
formulations. Aroclor, Clophen, Phenoclor and Kaneclor a r e  some of t h e  
t r a d e  names  of PCBs. They a r e  highly reca lc i t r an t  and persist in t h e  envi- 
ronment for  long periods. Howeve;, some s t ra ins  of AC-inetobacter Alcali- 
&enes, Klebsiella and Achromobacter have been shown 
lng mono-, dl-- and trlchlorobiphenyl, i3ut, PCBs having Inore than 4 chlorine 
a r e  res is tant  t o  microbial a t t ack .  Recently,  some bac te r ia  have been shown 
t o  degrade sorne of t h e  PCB isomers co-ri~etabolically (Chaudhry and C h a p l a m a -  
dugu, 199 1). Some fungi such a s  Phanerochacte  chr  sos orlum (lignin-degra- 
der)  end A s p e r ~ i l l u s  niger also have b e e n '  r epro te  ----a=- t o  degrade PCBs. 

2,4,5-T is t h e  notorious chemical  which was sprayed by Arriericans under 
t h e  code  Agent orange on t h e  Vietnamese fo res t s  and crops  whlch completely 



destroyed t he  vegetation of t ha t  country during t he  war between Vietnam and 
t h e  U.S.A. I t  is a very potent  defoliating agent  particuiariy of dicotyle- 
dons and was being used extensively as herbicides in the  Western countries. 
In our country, however, this compound is not being used. This is a lso  a 
very persistent compound. In A.M. ~ h a k r a b a r t y ' s  laboratory in California a 
Pseudomonas cepacia  s t ra in  A C  1 100 was developed by an  enr ichment  technique 
called "piasmid mediated molecular breeding" which could completely degrade 
2,4,5-T. In our laboratory two bacter ia l  s t ra ins  degrading 2,4,5-T as well 
as 2,4-D have been isolated, recently. 2,4-D (2,4-Dichlorophenoxy ace t i c  
acid) is t h e  herbicide which is commonly used in India. This cornpound does 
not cause much pollution problem as i t  is easily degraded in soil. 

Pentachlorophenol (PCP) is a toxic  pesticide extensively used for 
t rea t ing  t imber,  lea ther  e tc .  This compound has been found t o  be highly 
carcinogenic. I t  is highly le thal  t o  fish and other  a uat lc  organlsms even 
at very low concentrations.  The use of P C P  has % een  banned in India 
recently. There  a r e  few reports  on degradation of P C P  by some Pseudomonas 
spp, Flavobacterium spp., Rhodococcus spp. and Arthrobacter spp. (Chaudhry 
nd Chapalamudugu, 1 99 1 ). 

Extensive work has  been done on t he  degradation of chlorobenzoates. A 
number Pseudomonas, Arthrobacter,  A ~ i n e t o b a c t e r ~ C o r  nebacte- 
rium, Aspergillus s t ra ins  have been chlorobenzoates -5- e fec-  
tively. A P.aeru inosa s t ra in  3mT isolated in our laboratory is capabie of 
degrading 3-chloro-an _%a 4-chlorobenzoates (3.CBA and 4-CBA) upto levels as 
high as &/I and 12g/l, respectively. 

Chlorobenzenes a r e  another group of major environmental  pollutants as 
they a r e  extensively used as ~ o l v e n t s ,  fumigants,  and precursors in t h e  
production of pesticides and dyes. Microbial degradation of these  compounds 
has  been rarely found. l iecentiy,  some species  of Alcali eiras and Pseudomo- 
nas have been isolated t ha t  can  utilize low leve s o c orobenzene, 1,2- - -T--+-r 
dichlorobcnzene, 1 ,3-dichlorobenzene and l,4-dichlorobanzcne as t h e  sole 
source of carbon and energy, 

1 4.1 2 Nitroaromatic cwmpounds 

These compounds a r e  used in t h e  production of pesticides, dyes, drugs, 
explosives, and industrial solvents. These compounds a r e  used In large 
bulks and some of these  a r e  toxic, Some of t h e  simpler ~r l t romat ics  such as 
nitorbenzoic acid, nitroanlline, nitrophenols etc. at low levels a r e  degra- 
ded by microorganisms. However, rrrore complex cornpodilds such as 2,4-dinitro- 
toluene, 2,4,6-trinitrotoluene and others  a r e  highly resistant t o  microbial 
a t t a c k  and persist in t he  environment. These compounds a r e  highly toxic and 
mutagenic and hence a major t h r ea t  t o  l ife forms. 

1 4.1 3 Pesticides 

A large number of cherrrical compounds a r e  used as pesticides. On t h e  
basis of their  ctrernical nature  they  may be broadly classified as organophos- 



phorus insectcides, carbarnates,  phenyl-ureas, s-triazines, cyclodienes and 
organochlorine pesticides and t h e  synthet ic  pyrethroids. Among these  a l l  
t h e  non-chlorinated pesticides a r e  generally broken dowrr and detoxified in 
t h e  environment.  A number of hooks and reviews a r e  available on t h e  micro- 
bial degradat ion of pesticides (Khan 1980, La1 1984, MacRae 1989, Matsumura 
and Kris t~namurt i ,  1982, Sethunathan,  1977). 

1 4.1 3.1 Organophosphorus insecticides 
This is a large  and t h e  most diverse group of insecticides a f fec t ing  

t h e  enrvous sys tem of t h e  insects. Most of these  compounds a r e  ge t t ing  
degraded in t h e  environment through microbial action. Parathion (0,O-dime- 
thyl-o-p-nitrophenyl phosphorothioate) is o n e  example  of th is  group of 
insecticides t h e  microbial  degradation of which has  been extensively 
studied. 

1 4.1 3.2 Carbarnates and phenyl-ureas 
Isocyanate derived compounds cons t l tu te  these  t w o  groups of pesti- 

cides. Both these  groups of cornpounds a r e  generally degraded in t h e  envi- 
ronment  (MacRae, 1989). An es ter i fying enzyme was isolated f rom a - Ps. 
s t r i a t a  s t ra in  which could uti l ize t h e  c a r b a m a t e  herbicide chlorpropham 
liso-propyl-~-(3--chloro~hen~l carbarnate)  showed broad subs t ra te  specifici ty 
fo r  various c a r b a m a t e  cornpounds. 

9 4.13.3 s - t r i m  
The widely used hervicides, s-triazines a r e  uti l ized by sevral  bacte- 

r ia  a s  e i the r  N o r  S sources  (MacRae 1989). 

1 4.1 3.4 Organochlorine pesticides 
Organochlorine pesticides a r e  highly lipophilic cornpounds. These 

insecticides a r e  charac te r ized  by t h r e e  major kinds : DDT analognes, BHC- 
isomers and cyclodiene compounds. They a r e  broad spec t rum insecticides 
a c t i v e  agains t  a wide var ie ty  of insect  pests. 1 , I  ,1-trichloro-2,2-bis (p- 
chlorophenyl) e thane,  cornrnonly known a s  dichloro diphenyl tr ichloroethane 
(DDT) was introduced in 1940 and is  considered t o  be one  of t h e  most power- 
fu l  insecticides and was being used extensively part icularly for mosquito 
control .  Though most of t h e  advanced countr ies  have banned t h e  use of DDT 
way back in 1970s in t h e  developing countr ies  th is  is st i l l  being used. 
This compound is highly reca lc i t r an t  and persist  in t h e  errvironrnent for  
severdl  years  (Khan, 1980). This cornpound c a n  be found in a lmost  a l l  com- 
par tments  of t h e  ecosystem. ~lexachlorocyclohexane (HCH) which is commonly 
known as benzene hexachloride (BtlC) ex i s t s  in a number of Asumeric fo rms  and 
t h e  technical-HCH contains  mainly x, B, r and d isomers. r-isorner which is 
generally referred to as lindane is t h e  only insecticidal  comporlent and t h e  
technical-HCH contains  only 11-113% of this isomer, t h e  r e s t  being t h e  non- 
insecticidal x, b and d--isomers which a r e  more  persisterlt and rnore toxic  to 
non-targctt organisms. o i - isomer  rnay cons t i tu te  a s  much a s  70% of t h e  tech- 
nical-t3CH. Chlordane, aldrin, dieldrin, treptachlor, toxaphene etc a r e  s o m e  
o ther  c o ~ n m o n i y  used orgar~ochlor ine  pesticides belonging to t h e  cyciodiene 
group. These a r e  very powerful insecticides and a r e  highly persistent  and 



these cornpounds have been shown to be highly toxic to mammals. Very 
recently, use of these cor.npounds have been banned i n  India. 1Jse of DDT for 
agricultural purpose and spraying of BHC on fruit, vegegable and oi l  seed 
crops are also banned i n  our country. But, our environment has already been 
polluted very badly with al l  these chemicals. 

DDI' i s  very stable and persistent i n  well aerated soils. However, in  
reducing environments and oxygen free atmospheres partial degradation of DDT 
to various metabolites have been reported. The metabolites detected include 
DUD, DDE, DDM, etc. Klebsiella aero enes under anaeroblc conditions was 
shown to convert L>DT t o ~ o ~ n ~ l e t e  --% &radation or dr.g radation to non- 
chlorinated cornpounds has been very rarely observed. Complete rnineraliza- 
tion of DDD and other snetabllites of DDT by a H dro enomonas sp. has been 
reported. Some Russian workers have reported i?-%--T t e compete egradation of 
D ~ T  by a sequential anaerobic and aerotj~c furmentatio;~ by 
the presence of co-substrates such as n-alkanes, glucose, 
glycerol (Colovleva and Slcyrabin, 198 1 ). Co-metabolic convertions and 
degradation of DDT and i ts catabolic intermediates by a few bacterial and 
fungal (Aspergillus conicus, A.nip,er and Penicillium brefedanum) isolates to 
varying degrees have also been reported (~a tsumura  and Krlshnamurti, 1982; 
MacRae, 1989). A lignln-degrading white-rot fungus Phanerochaete chr sos- -+ porium has been shown .to degrade completely a number of persistent chem~ca s 
sucl~ as DDT, lindane, 2,3,7,8-tetrachlor-dibenzo-p-dioxin, 2,4,5,2'4'5'- 
hexaclrlorobiphenyl and others (numpus et  a!, 1985). However, al l  these 
processes are very slow, 

Reports on blodegrddation of I iCH are rather scanty, A majority of the 
available reports mainly deal with anaerobic degradation of HCH in  soil 
under flooded conditions (MacRae, 1989; Sethunathan et i31) 1991 ). Clostri- 
d iu~n spp have been implicated to be involved in  the anaerobic biodegradation 
Z-HCH. 

R few' reports are available on aerobic biodegradation of HCH-isomers. 
Dy repeated additions of HCH to a rice field under flooded and non-flooded 
conditions ~ethunathan's group was able to  get the soil microorganisms 
acclimatized which could readily degrade r-HCH under aerobic conditions 
(Sethunathan et al., 1991). They also isolated a Pseudomonas sp. from the 
rhizosphere of HCH-treated sugar cane plants which could degrade al l  the 
four major isorners of HCH viz., x, R, r and d, aerobically. Very recently 
they have reported isolation of bacterial strain, S hin omonas paucimobilis 
from HCI-i-acclimatized soil which also degraded a1 I++--- t e 4 Isomers of HCH. We 
have developed different rnicrobial consortia which can degrade fairly high 
levels of different HCH-isomers under aerated conditions (Chandrasekharaiah, 
1993). One of these consortia can degrade upto 50 ppm of x- and r-HCH and 
upto 10 ppm of B and d--isomers. Japanese workers have reported isolation of 
Ps. paucimobilis strain SS86 capable of utilizing r-HCH. - 

Reports on cornplete biodegradation of chlorinated cyclodiene pesti- 
cides does not seem to be available. However, bioconversion of aldrin to 



dieldrin, heptachlor t o  heptachlor epoxide e t c  in soil have been reported.  
The fungal and bacter ia l  s t ra ins  t h a t  a r e  involved in .these biotransforma- 
tion processes have been shown t o  be A. niger, A. f lavus P. notatum, P, 
chrysogenum, species of Fusarium ~ r i c h o d e r m a , ~ &  3 t r e p t o m y c e s  
Micromonosoora. Bacillus a w o m o n a s .  A f a s t e r e l o n  of endrin i; 
flooded soil; than in non-flooded soils also has  been Gpor ted .  

Endosulfan is another  highly chlorinated pesticide which is used in 
our country. This compound is also highly persistent .  There  a r e  only very 
scanty  in for~na t ion  on  t h e  cornplete mineralisation of th is  compound. 
However, rnicrobial t ransformat ion of endosulfan t o  endosulfa t~  diol has been 
reported by 

bac te r ia  viz., 
been implicated t o  t h e  responsihle fo r  t h ~ s  b~oconversion.  

1 4,14 Sur:Eace active agents 

Surface-active agen t s  cornrnor~ly called sur fac tan t s  a r e  synthet ic  cherni- 
ca l s  used fo r  c lear~sing purposes. These a r e  one  of t h e  major components of 
t h e  rnodern detergents.  In India t o o  these  de te rgen t s  have a lmost  replaced 
t h e  t r a d i t i o n a l  soaps .  T h e  f i r s t  g e n e r a t i o n  d e t e r g e n t s  c o n t a i n i n g  t h e  
surfactants ,  tetrapropylene-derived alkyl benzene surfonates  were  causing 
pollution problern in t h e  Western world. Now t h e  new generation de te rgen t s  
(soft-deter ents)  corltalnlng more  biodegrSadable linear alkylbenzene sulfo- 
na tes  (LAS 'i have replaced t h e  'hard-detergents'. Ho..vever, t h e  de te rgen t s  
containing allcyl e thoxylates ,  alkyl phenol e thoxylates  ~ l t h  more  than 20 
e thoxylate  units  have beer] found t o  cause  environmental  problems a s  they a r e  
slowly and partially degraded leaving behind t h e  toxic  alkyl phenols. 

14.15 Synthetic dyes 

More than 40,000 dyes  and  pigments having about  7000 di f ferent  chemi- 
ca l  s t ruc tu res  have beela synthesised of which about  3500 a r e  in pract ica l  
use especially in t ex t i l e  Industry, Most of these  dyes a r e  not  very harmful 
environrncntally excep t  benzidine dyes and tr iphenylmethane type. Studies 
on microbial degradation of dyes have been conducted only with sorne of t h e  
a z o  dyes.Mixed bacter ia l  c-ornmunities were  shown t o  degrade these  dyes. 

14.16 The rlegative roles of microorganisms 

So f a r  w e  have been lookir~g in to  t h e  positive roles of rnlcroorganisms 
in el iminating or  abat ing t h e  pollution problems by degradingftransforming 
pollutant chemicals. However, t h e r e  a r e  a number of negative roles a lso  
t h a t  rnicroorganis~ns play in nature.  The biodeterioratian of various rnate- 
rials by rnicrobial growth and degradation is one  main exarr~ple  of such a 
role. Wood, text i le ,  paper, paint, leather,  and a wide var ie ty  of mater ia ls  
of use may become t h e  t a r g e t  of microbial spoilage under congenial condi- 
tions f o r  ~n ic rob ia l  growth. A wide a r ray  of bacter ia ,  fungi, and micro- 
a lgae  have been found t o  be involved in spoilage of d i f ferent  materials. 



Besides  t h e s e  t h e r e  a r e  sorne o t h e r  n e g a t i v e  ro les  t h a t  a r e  played by 
microorganisms. Sorne of t h e  b io t r ans fo rma t ions  t h a t  t a k e  p l ace  in t h e  
e n v i r o n c n e ~ ~ t  snay t u r n  to b e  de le ter ious .  Bio t ransfor rna t ions  of a number  of 
pul lu tant  chemicals h a v e  been  shown t o  b e  resul t ing  in t h e  f o r m a t i o n  of  Inore 
t o x i c  a n d  m o r e  pers i s ten t  cornpounds. F o r  example ,  ch lorocyclodiene  insec- 
t i c ide  a ld r in  is genera l ly  c o n v e r t e d  t o  d ie ldr in  through microbia l  media-  
tion. Die ldr in  i s  m o r e  t o x i c  a n d  r e c a l c i t r a n t  t h a n  aldrin,  1313T i s  usually 
b io t ransformed in soi l  t o  I)DE which is tnore t o x i c  t h a n  t h e  p a r e n t  compound. 
Heptachlor ,  a n o t h e r  organochlor ine  pes t i c ide  i s  gene ra ly  b ioconver ted  to 
hep tach lo r  epoxide  which is m o r e  r e a c t i v e  a n d  toxic.  Throljgh t h e  media t ion  
of microbia l  e n z y m e s  t r i ch lo roe thy lene  will  b e  c o n v e r t e d  t o  o rgan ic  in ter -  
m e d i a t e s  such  as vinyl ch lo r ide  which is highly carcinogenic and  toxic. 
N i t roa ro rna t i c  compounds  a n d  a z o  d y e s  inay g e t  r educed  by a n a e r o b i c  mic robes  
to a ro rna t i c  a m i n e s  which a r e  hlghly pe r s i s t en t  and  carclrrogenic. P a r t i a l  
deg rada t ion  of s u r f a c t a n t  c h e ~ n i c a l s  such  as nonylphenol-.polyethoxylate 
usually r e su l t  in  t h e  a c c u ~ n u l a t i o n  of t h e  t o x i c  a lkyl  pherlol, 

Gene ra l ly  c h l o r o a r o m a t i c  cornpounds such  as c h l o r ~ b e n z o a t e s ,  chloro- 
phenols, e t :c  g e t  deg raded  through t h e  f o r m a t i o n  of ch lo roca techo l s  as in ter -  
m e d i a t e  cornpounds. O t h e r  ha loa romat i c s  a l s o  f o r m  h a l w a t e c h o l s  as in t e r -  
media tes .  I t  h a s  been  sl-rown t h a t  a number  of b a c t e r i a  a r e  c a p a b l e  of con- 
ve r t ing  c h l o r o a r o ~ n a t i c s  to chloroca techols .  But ,  many  of t h e m  g e t  inhibi ted 
o n c e  ha loca t echo l s  a r e  fo rmed .  Ch lo roca techo l s  s t rongly  and  irr iversibly 
inhibi t  t h e  catechol-2,3-dioxygenases, t h e  e n z y m e s  t h a t  c l e a v e  t h e  a r o m a t i c  
r ing th rough  rneta-rrrode. They  a l s o  a f f e c t  t h e  ortho-clnavirig e n z y m e s  cate- 
chol  1,2-dioxygenases. F o r  t h e  deg rada t ion  of ch lo roca techo l s  a modified 
or tho-pathway h a s  to be  p re sen t  in  t h e  o rgan i sms  which i s  r a r e ,  Hence ,  
ch lo roca techo l s  a c c u ~ n u l a r e  in  t h e  envi ronment .  T h e y  g e t  au tooxid ized  and 
polymer ized  spontaneous ly  for rn ing  a d a r k  brown coloured  complex.  T h e  da rk  
brown co lou ra t ion  of t h e  s e w a g e  t h a t  i s  gene ra l ly  observed  i s  d u e  to th i s  
pher-romenon. As  ha loca t echo l s  inhibi t  t h e  meta-c leaving  enLymes  t h e  degrada-  
t ion of nun-chlorinated a r o m a t i c  c o ~ n p o u n d s  such  as bcnzoa te s ,  phenolic  
compounds,  t h e  m e t h y l  de r iva t ives  such  as cresols ,  etc also will be  a f f e c t e d  
resul t ing  in t h e  8c:cumulation of m o s t  of t h e  pollut ing chemica ls .  

T h e  new gene ra t ion  s y n t h e t i c  c h e m i c a l s  a r e  highly complex ,  de r iva t i zed  
and  polyrnerized and  hence ,  a r e  tnore r e c a l c i t r a n t  a n d  pe r s i s t en t  in t h e  
env i ronmen t ,  Though n a t i v e  rni+crofiora of soil, w a t e r  bodies and  sewage  a r e  
highly biochernical ly versa t i le ,  rnany a t i rnes  by f a i lu re  t o  d e g r a d e  s o m e  of 
t h e  t o x i c  and  r e c a l c i t r a n t  xenobio t ics  such  as organochlor ine  pest icides,  
PCBs and  o t h e r  polyhaloorganic compounds.  Due  t o  cont inuous  and  prolonged 
exposu re  to t h e s e  compounds,  n a t i v e  microbia l  communi t i e s  h a v e  a t t a i n e d  
abi l i ty  t o  d e g r a d e  Inany of t h e  xenobio t ic  compounds,  s o m e  rapidly and s o m e  
very  slowly. S o m e  microbia l  t r ans fo rma t ions  a l so  lead  to t h e  fo rma t ion  of 
Inore ' toxic a n d  Inore r e c a l c i t r a n t  compounds.  T h e r e  i s  a need  to develop  
t r e a t m e n t  technologies  f o r  decon tamina t ion  and e l iminat ion  of pol lu tants  
f r o m  indus t r ia l  e f f luen t s ,  soil and  s e w a g e  by deploying  super ior  gene t i ca l ly  
eng inee red  microorganims.  



Table-1: Organic chemicals on the EPA list of priority 
pollutants 

- - - - - - - - - - - - - - - . . - - - - - - - - . - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Chernical class (No. of Important representative and 
cornpot~nd s ) their frequence of occurrence 
- - - - - . - - - - . - - - - - - - - - - - . - - . - - . * - - - - -  - - - - - - - -  - - - - - - - - - - - - - - - - - - -  - - - -  

Pesticides and metabolites 8-hexachlorocyclohexane 
(17) (0.8%) 

Halogenated aliphatics Dichloromethane (36%) 
( 3 1  Trichlorornethane (37%) 

Aromatics (8) Benzene (26%); Toluene (28%) 

Nitroaromatics (7) 

Chloroaromatics (16) 

2-Nitrophenol (2%) 
Nitrobenzene (2%) 

Pentachlorophenol (7%) 
Dichlorobenzene (6%) 

Polychlorinated biphenyls Aroclor 1254 (0.636) 
(7) Aroclor 1242 (0.8%) 

Phthalate esters (6) 

Polycyclic aromatic 
hydrocarbons 

Bis-(2-ethyl hexyl) phthalate 
(42%), Di-n-butylthalate (19%) 

Phenanthrenefanthracene (1 1 % )  
Pyrene (8%) 

Nitrosamines and miscella- Diphenyl ni trosarnine ( 196) 
neous cornpounds (6) 

Frequency of occurence in 2600 wast? water samples from 
different industrial categories. (Data from Leisinger t c  
Brunner, 1986). 



Table-2: Haloaliphatic cornpounds degraded aerobically by 
microorganisms (Leisinger and Brunner 1986) 

- - - - _ - - - - - - - L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - d - - - d - - - - - - - - - - - - -  

Halogenated hydrocarbons 2-Haloalkanoic acids 
- - _ - - I - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - _ - _ _ - - - - - - - - - - -  
Dichloromethane Monochloroacetate 
1,2-Dichloroethane Dichloroacetate 
Chloroethane Trichloroacetate 
I-Chloropropane L-2-Chloropropionate 
I,3-Dichloropropane 2,2-Dichloropropionate 
1-Chlorobutane DL-2-Brotnobuty rate 
1,9-Dichloronane DL-2-Bromovalerate, 
1-Chloroheptane 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - _ - - - - - - - d - - - - - - - - - - - - - - - - - - - - - - - -  



Table-3: Chloroaromatic compounds degraded by bacterial 
cultures 

P-Chlorophenoxy acetate, Pentachlorophenol 
2,4-Dichlorophenoxy acetate (2,4-D) Chlorobenzene 
2,4,5-Trichlorophenoxy acetate (2,4,5-T) Monochlorobiphenyl 
2 - M e t h y l - 4 - C h l o r o p h e n o x y  acetate (MCPA) Dichlorobiphenyl 
2-Ch!orotoluene Trichlorobiphenyl. 
3-Chlorotoluene 
4-Chlorotoluene 
2,4-Dichlorotoluene 
3,4-Dichlorotoluene 



.......... . .  .. ....-.. Il-----..-- ^ ....-__.____....._..___-_I._ ^_. .... -. 1 

Fig 1.  Release of organic chemicals t o  the environment. 

I =  Chermlcals whose use leads t o  their entry Into the envitonmlent, e.g., 
aerosol propellants, pesticides, fertilizers. 

2, Chemicals entering the  erivironrnent in the  e f f l ~ ~ e n t s  of rrlbd::ipl sewage 
treatment  systerns, e.g., hard detergents, solvents. 

3 ,  Chernicals resistant to biological degradation in industrial waste t reat-  
ment systems, e.g., chlorobenzenes, amino naphthol, ~u l fon lc  acids. 

4. Direct discharge, loses, spills and accidents leading t o  the  entry of 
chemicals from productiofi sltes into the  environment. 

(Fig. from Lelsinger and Drunner 1986). 
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