
CHAPTER 2
LITERATURE REVIEWS

2.1 Polycyclic Aromatic Hydrocarbons (PAHs)
P o ly c y c lic  A ro m a tic  H y d ro c a rb o n s  (P A H ) a re  u b iq u ito u s  e n v iro n m en ta l 

c o n ta m in a n ts  th a t a re  fo rm e d  d u rin g  in c o m p le te  c o m b u s tio n  o f  o rg an ic  m a te ria ls  and  
fro m  g e o c h e m ic a l fo rm a tio n  o f  fo ss il fuel. P rim ary  n a tu ra l so u rc e s  a re  fo re s t f ires  and  
v o lc a n ic  ac tiv ity . H o w ev er, m o s t o f  th e  P A H  re le a se d  in to  th e  e n v iro n m e n t a rise  from  
a n th ro p o g e n ic  so u rce s  su ch  as  co m b u s tio n  o f  co a l co k in g , p e tro le u m  re fin in g , re fu se  
b u rn in g , in d u s tr ia l p ro c e sse s , an d  m o to r  v eh ic le  e x h a u s ts  (P o th u lu ri &  C em ig lia , 
1998).

T h e  te rm  P A H  g en e ra lly  re fe rs  to  h y d ro ca rb o n s  c o n ta in in g  tw o  o r  m o re  fu sed  
b en zen e  r in g s , w h ic h  a re  fu sed  w ith  tw o  n e ig h b o rin g  rin g s  sh a rin g  tw o  ad jacen t 
c a rb o n  a to m s  (T o x P ro b e  Inc ., 2 0 0 2 ). P A H s a re  h y d ro p h o b ic  co m p o u n d s  an d  th e ir  
p e rs is te n c e  in  th e  e n v iro n m e n t is ch ie fly  d u e  to  th e ir  lo w  w a te r  so lu b ility  (C em ig lia , 
1992). G e n e ra lly , P A H  so lu b ility  d e c re a se s  an d  h y d ro p h o b ic ity  in c re a se s  w ith  an  
in c rea se  in  n u m b e r o f  fu sed  b e n z e n e  rin g s  as p re se n te d  in  F ig u re  2.1 (W ilso n  and  
Jo n es , 1993).

P A H  are  a  g ro u p  o f  a p p ro x im a te ly  10,000  co m p o u n d s , b u t th e  m o s t to x ic  
m e m b e rs  o f  th is  fam ily  k n o w n  to  d a te  a re  P A H  m o lecu le s  th a t h a v e  fo u r  to  sev en  
rin g s  (T o x P ro b e  Inc ., 2 0 0 2 ). T h e  บ .ร . E n v iro n m en ta l P ro te c tio n  A g e n c y  has 
id e n tif ie d  16 su b s titu ted  P A H  as p rio rity  p o llu ta n ts  in c lu d in g  n a p h th a len e , 
a c e n a p h th y le n e , a cen ap th en e , p h en an th ren e , an th ra c e n e , f lu o ren e , 
b e n z o (a )an th ra c e n e , b en zo (b ) f lu o ran th en e , c h ry sen e , f lu o ran th en e , 
b e n z o (k )f lu o ran th en e , b en z o (a )p y ren e , d ib en zo  (a ,h )an th racen e , in d e n o (  1 ,2 ,3 ,- 
d )p y ren e , d ib e n z o (a ,h )a n th ra c e n e , an d  b en zo (g h i)  p e ry le n e  (U S .E P A , 1984), 
re sp ec tiv e ly .
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F ig u re  2.1 S tru c tu re s , so lu b ility  an d  c a rc in o g e n ic itie s  o f  so m e  p o ly cy c lic  a ro m a tic  
h y d ro c a rb o n s  (P A H s)
S o u rce : C e rn ig lia  C .E ., 1993
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2.2 Benzo(a)pyrene
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F ig u re  2 .2  C h em ica l s tru c tu re  o f  b e n z o (a )p y ren e

B e n z o (a )p y ren e , sh o rtly  n am ed  as B aP , is a  h ig h  m o le c u la r  w e ig h t f iv e -rin g  
p o ly c y c lic  a ro m a tic  h y d ro c a rb o n  th a t is m u tag en ic  an d  h ig h ly  ca rc in o g e n ic . Its 
fo rm u la  is  C 20H 12. T h e  c h em ica l s tru c tu re  o f  B aP  is illu s tra te d  in  F ig u re  2 .2 . It is a  
c ry s ta llin e  y e llo w  so lid . A s k n o w n  as th e  o th e rs  P A H s, b en zo (a ) p y re n e  is  a  p ro d u c t 
o f  in c o m p le te  c o m b u s tio n  a t te m p e ra tu re s  b e tw e e n  300  an d  600°c. It is fo u n d  in  coal 
ta r, in  a u to m o b ile  e x h a u s t fu m es (e sp ec ia lly  fro m  d iese l en g in es) , to b a c c o  sm o k e , and  
in  c h a rb ro ile d  food . B aP  has b een  c la ss if ie d  by  th e  U S .E P A  as o n e  o f  th e  p rio rity  
p o llu ta n ts  an d  as  o n e  o f  th e  m o st p o te n t c a rc in o g en ic  P A H s an d  th u s  it is th e  m o st 
s tu d ie d  c o m p o u n d  o f  th e  P A H s c la ss  (Ju h a rz& N aid u , 2000).

2 .2 .1  P h y s ic o c h e m ic a l p ro p e rtie s  o f  b e n z o (a )p y ren e
T h e  im p o rta n t p h y s ic o c h e m ic a l p ro p e rtie s  in c lu d in g  aq u eo u s  so lu b ility , v ap o r 

p ressu re , o c ta n o l-w a te r  p a r titio n  co e ffic ien t, m o lecu la r  w e ig h t a re  g iv en  in  T ab le  2 .1 . 
B aP  is o n ly  s lig h tly  so lu b le  in  w a te r  an d  is p o o r v o la tile .

2 .2 .2  B e n z o (a )p y ren e  in  th e  en v iro n m en t
M o st P A H s e ith e r m o d e ra te ly  o r  h ig h ly  p e rs is t in  th e  e n v iro n m e n t (w ate r, 

a tm o sp h e re , an d  so il) d u e  to  th e ir  h y d ro p h o b ic itie s . A cco rd in g ly , B aP  is g en e ra lly  
d e te c te d  in  sev e ra l en v iro n m e n ta l co m p artm en ts . F o r in s tan ce , B aP  w as fo u n d  in  the  
ran g e  o f  2 .5 -6 6 7  u g /g  o rg a n ic  ca rb o n  o f  th e  sed im en t (W ard  e t ah , 1998; C n y p e r et 
ah , 1998; B au m ard  e t ah , 1998; V ig u ri e t ah , 2 0 0 2 ; M o rse , 2 0 0 4 ), w h ile  h ig h e r 
c o n ta m in a te d  ran g e  o f  0 .6 9 -4 .0  m g /k g  w as found  in  th e  m u n ic ip a l sew ag e  slu d g e  
(S tev en  e t ah , 2 0 0 3 ). F u rth e rm o re , B aP  w as rep o rted  in fly a sh  o f  th e  c o n c e n tra tio n  o f  
4 2 .0 -48 .1  n g /g  (L iu  e t ah , 2 0 0 2 ). F o r a  long  a ccu m u la tio n , B aP  w as ce rta in ly  fo u n d  in 
so il in  m an y  c itie s  o f  the  w o rld , fo r ex am p le , in  H elsin k i a t 236  u g /g  so il, C h icaco  and
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T ab le  2.1 T h e  re le v a n t p h y sic o -c h e m ic a l p ro p e rtie s  o f  B e n z o (a )p y ren e  (a d a p te d  from  
M a c k a y  e t ah , 2 0 0 0 )

Benzo(a)pyrene

/ - J 0 ÛÜ U U
C h e m ic a l n am e B e n zo (a )p y ren e

A b b re v ia tio n  n am e B aP

C h em ica l fo rm u la C 20H 12

M o le c u la r  m ass 252.31 g /m o l

C A S  n u m b e r [50-32-8]

D en s ity 1.24 g /cm 3

M e ltin g  p o in t ( 7 6 0  m m  H g) 179 ๐c

B o ilin g  p o in t (7 6 0  m m  H g) 496 ° c
A q u e o u s  so lu b ility  (mg/1 a t 25°C ) 0 .0038

V a p o r p re s su re  (P a  a t 25°C ) 7 .0 x 1 0 - 7

L og  K  ow a t 25 0 c 6 .04

U se U sed  ex ten s iv e ly  as a  p o s itiv e  co n tro l in  a 
v a rie ty  o f  la b o ra to ry  m u ta g e n ic ity  &  
ca rc in o g e n ic ity  sh o rt- te rm  tests .

A p p e a ra n c e  co lo r P a le  Y e llo w  M o n o c lin ic  N e e d le s  fro m  
B en zen e  &  M e th an o l; C ry s ta ls  m ay  be 
M o n o c lin ic  o r  O rth o rh o m b ic .

O d o r F a in t a ro m a tic  o d o r



L o n d o n  c itie s  a t 1 ,634 an d  1,652 u g /g  so il, re sp e c tiv e ly  (S a ltien e  e t al, 2 0 0 2 ). A lso , 
in  S p a in , B aP  w as fo u n d  in  th e  in d u s tr ia l a rea , re s id en tia l a rea , an d  u n p o llu ted  a rea  
w ith  th e  a m o u n t o f  100 n g /g , 56 n g /g , an d  21 n g /g  d ry  w e ig h t, re sp e c tiv e ly  (N ad a l et 
ah , 2 0 0 4 ). T h e  m a x im u m  a llo w ab le  c o n c e n tra tio n  o f  B aP  in  so il fo r d iffe ren ce  
p u rp o se , as  w e ll as  th e  c la ss if ic a tio n  c r ite r ia  o f  p o llu te d  o r u n p o llu te d  a rea  w as 
e x p re sse d  in  A p p e n d ix  A .

A tm o sp h e ric  c o n c e n tra tio n  o f  B aP  w as d e te c te d  in  m an y  u rb an  a rea  o f  the  
w o rld , b o th  o f  in d o o r  am b ien t a ir  an d  o u td o o r  a tm o sp h e re  (F an g  e t ah , 2 0 0 4 ; F o m m e  
e t ah , 2 0 0 4 ). In  Jap an , B aP  w as fo u n d  in  th e  ran g e  o f  0 .27 -0 .31  n g /m 3 o f  a m b ie n t air, 
w h ile  th a t o f  o u td o o r  a tm o sp h e re  w as 0 .7 4  n g /m 3 (O h u ra  e t ah , 2 0 0 4 ). T h e  c ity  o f  
L o n d o n  a n d  M a n c h e s te r  w ere  o f  0 .1 -1 .0  n g /m 3 (P rev ed o u ro s  e t ah , 2004). In  Brazil, 
th e  a tm o sp h e ric  o f  A m a z o n  fo re s t w a s  d e te c te d  an d  fo u n d  to  h av e  th e  a m o u n t o f  B aP  
in  th e  ra n g e  o f  0 .0 0 1 -0 .6 6 0  n g /m 3 (K rau ss  e t ah , 2005).

C ritic a lly , b e n z o (a )p y ren e  w as fo u n d  in  fish  m u sc le  cau g h t fro m  R ed  S ea  at 
th e  m ean  c o n c e n tra tio n  o f  0 .5  n g  B aP  p e r g ram  d ry  w e ig h t (D o u A b u l e t ah , 1997), 
w h ile  th e  a m o u n t o f  0 .3 -7 4  p g  B aP  p e r  k ilo g ra m  d ry  w e ig h t o f  sm o k ed  fish  w as 
re v e a le d  (S to ly h w o &  S ik o rsk i, 2 0 0 5 ). B aP  in  v eg e tab le  o il o f  ab o u t 18 p p b  w as a lso  
re p o rte d  (B o u m a n  e t ah , 2000).

In  T h a ilan d , B aP  w as d e tec ted  in  th e  a m b ien t a ir  o f  B an g k o k  in  th e  h ig h e r 
ra n g e  o f  3 5 -1 9 0  n g /m 3. T h e  c o n c e n tra tio n  lev e l o f  B aP  in  u rb an  a rea s  is  s ig n ific an tly  
10 -tim e h ig h e r  th a n  th a t  in  ru ra l a reas. A lso , in  sem i-aq u a tic  p lan t, su ch  as w a te r 
sp in ach , B aP  w as fo u n d  a t 19-88 u g /k g  w e t w e ig h t (S o d e rs tro m  e t ah , 2 0 0 3 ). In  so il, 
B aP  w as d e te c te d  as  o n e  o f  P A H s m ix tu re  accu m u la ted  in  so il o f  C h ian g  M ai c ity  
w h ic h  a rised  fro m  a tm o sp h e ric  d e p o s itio n  (A m ag a i et al, 1999).

2 .2 .3  E n v iro n m en ta l fa te  o f  b en zo (a )p y ren e
B e n z o (a )p y ren e  is g en e ra lly  re lea sed  in to  a ir and  w a te r  sin ce  it is a  u b iq u ito u s  

p ro d u c t o f  in co m p le te  co m b u stio n . C o n seq u en tly , it is la rge ly  asso c ia ted  w ith  
p a r tic u la te  m a tte rs . A lth o u g h  e n v iro n m en ta l co n cen tra tio n s  are  g rea te s t n ea r so u rces, 
th e  p re se n c e  o f  B aP  in  d is ta n t p laces  in d ica te s  th a t it is re a so n ab ly  s tab le  in the
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a tm o sp h e re  an d  c ap ab le  o f  lo n g  d is ta n t tra n sp o rt (F an g  e t a l., 2 0 0 4 ; F o m m e  e t al.,
2 0 0 4 ). A tm o sp h e ric  lo sse s  a re  cau sed  b y  g rav ita tio n a l se ttlin g  an d  ra in  ou t. A  h a l f  life  
o f  1.4 y ea rs  h as  b e e n  re p o rte d  fo r rem o v a l o f  B aP  fro m  th e  gas p h a se  by  ra in  o u t 
(P re v e d o u ro s  e t a l., 2 0 0 4 ).

B e n z o (a )p y re n e  g e ts  in to  su rface  w a te r  fro m  d u s t a n d  p re c ip ita tio n  in  a d d itio n  
to  ru n o f f  an d  e fflu en ts . C o n seq u en tly , it w o u ld  b e  e x p e c te d  to  b io -c o n c e n tra tio n  in 
aq u a tic  o rg a n ism  (M c C a rth y  e t a l., 2 0 0 3 ). In  w a te r  an d  sed im en ts , i t  h a s  b e e n  sh o w n  
to be  s tab le  to w a rd s  b io d eg rad a tio n . N o n e th e le ss , B aP  is  e x p e c te d  to  u n d erg o  
s ig n if ic a n t p h o to -d e g ra d a tio n  n ea r th e  su rface  o f  w ate r. A d so rp tio n  to  se d im e n t an d  
p a rtic u la te  m ay  s ig n ific a n tly  re ta rd  b io d eg rad a tio n , p h o to -d e g ra d a tio n  and  
e v a p o ra tio n  (P o th u lu ri &  C e m ig lia , 1998). O n  land , it is  s tro n g ly  ad so rb e d  to  so il an d  
re m a in s  in  th e  u p p e r  so il lay e rs  an d  sh o u ld  n o t leach  in to  g ro u n d w a te r  (S p ec tru m  
la b o ra to ry  c h e m ic a l fa c t shee t).

2 .2 .4  T o x ic ity  o f  B e n z o (a )p y ren e
A m o n g  th e  P A H s, b e n z o (a )p y ren e  is w id e ly  u se d  as  an  in d ic a to r  o f  h u m a n  

h e a lth  r isk s  an d  p o llu tio n  lev e l, b e c a u se  o f  its s tro n g  an d  d ire c t c a rc in o g e n ic ity  
(O h u ra  e t ah , 2 0 0 4 ). T h e  to x ic ity  o f  b e n z o (a )p y ren e  is  e x p lic ite d  b y  th a t o f  
b e n z o (a )p y re n e  in te ra c ts  w ith  D N A .
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F ig u re  2.3 C h e m ic a l s tru c tu re  o f  th e  ca rc in o g en  b e n z o (a )p y re n e  d io l e p o x id e

B en z o (a )p y ren e  d io l e p o x id e  ((+ )-7 R ,8 S -d ih y d ro x y -9 S ,1 0 R -e p o x y -7 ,8 ,9 ,1 0 -  
te trah y d ro  b en zo  (a )p y re n e ) is th e  c a rc in o g en ic  p ro d u c t o f  th re e  e n z y m a tic  reac tio n s . 
B e n z o (a )p y ren e  is firs t a c tiv a ted  by  cy to ch ro m e  P 4501A 1 to  fo rm  b e n z o (a )p y ren e



7 ,8 -e p o x id e  am o n g  o th e r p ro d u c ts . N ex t, b en zo  [a] p y ren e  7 ,8 -e p o x id e  is 
m e ta b o liz e d  b y  e p o x id e  h y d ro la se  to  y ie ld  b e n z o (a )p y ren e  7 ,8 -d ih y d ro d io l. 
B e n z o (a )p y ren e  7 ,8 -d ih y d ro d io l fo rm s th e  u ltim a te  c a rc in o g e n  a fte r  re a c tin g  w ith  
c y to c h ro m e  P 45 0 1 A 1  to  y ie ld  b e n z o (a )p y ren e  d io l e p o x id e  ((+ )-7 R ,8 S -d ih y d ro x y - 
9 S ,1 0 R -e p o x y -7 ,8 ,9 ,1 0 -te tra h y d ro  b e n zo  (a )p y ren e). T h e  tw o  ca rb o n s  o f  th e  ep o x id e  
a re  e le c tro p h illic , d u e  to  an  u n eq u a l sh a rin g  o f  e le c tro n s  w ith  th e  o x y g en . A s a  resu lt, 
th is  m o le c u le  in te rca la te s  in  D N A , co v a le n tly  b o n d in g  to  th e  n u c le o p h illic  g u an in e  
n u c le o b a se s  a t th e  N 2  p o s itio n . A  re c e n t X -ray  c ry s ta llo g ra p h y  รณdy  sh o w s th a t th is  
in te rc a la tio n  d is to rts  th e  D N A . C o n sq u e n tly , th is  c a n  d is ru p t th e  n o rm al p ro c e ss  o f  
c o p y in g  D N A , an d  m ay  lead  to  can cer. T h is  m e c h a n ism  o f  a c tio n  is s im ila r  to  th a t  o f  
a f la to x in  w h ic h  b in d s  to  th e  N 7  p o s itio n  o f  g u an in e  (W ik ip e d ia  en cy c lo p ed ia , 
H u b e rm a n  e t ah , 1976; X u e  &  W a rsh a w sk y , 2005).

2.3 Remediation process of PAHs
A c c o rd in g  to  th e  p e rs is te n c e  o f  P A H s in  th e  en v iro n m en t an d  th e ir  

g en o to x ic ity , m u c h  re se a rch  e ffo rt h as  b een  a im ed  a t th e  re m e d ia tio n  o f  P A H  
c o n ta m in a te d  w a s te s  (P o tin  e t ah , 2 0 0 4 a ,b ). A lth o u g h  th e  p o ss ib le  fa tes  o f  P A H s are 
v o la tiliz a tio n , p h o to -o x id a tio n , ch em ica l o x id a tio n , b io a c c u m u la tio n , an d  ad so rp tio n , 
P A H s a re  re m o v e d  fro m  c o n ta m in a te d  s ite s  p rin c ip a lly  by  m ic ro b ia l d eg rad a tio n . T he  
o v e ra ll re m o v a l p ro c e sse s  a re  su m m a riz e d  in  F ig u re  2 .4

T h e  u se  o f  b io re m e d ia tio n  to  d eg rad e  h a z a rd o u s  ch e m ic a ls  is a  p rac tica l 
a lte rn a tiv e  to  tra d itio n a l re m e d ia tio n  tre a tm e n t te ch n o lo g ie s . T h e  e ffe c tiv en e ss  o f  
b io re m e d ia tio n  in  th e  d e to x if ic a tio n  o f  p o te n tia lly  h a z a rd o u s  ch em ica ls  is d irec tly  
re la te d  to  th e  c h em ica l s tru c tu re  o f  th e  P A H s. T h e  p o ly cy c lic  A ro m a tic  H y d ro ca rb o n s  
(P A H s) w ith  fo u r  an d  fiv e  fu sed  b e n z e n e  rin g s  are  m o re  re s is ta n t to  b io d eg rad a tio n  
th a n  P A H s w ith  tw o  o r th ree  rin g s  (A tla s , 1997).

B io re m e d ia tio n  is an  o p tio n  th a t o ffe rs  th e  p o ss ib ility  to  d es tro y  o r rem o v e  
v a rio u s  co n ta m in a n ts  u s in g  n a tu ra l b io lo g ica l a c tiv ity . T h e re fo re , th is  te ch n iq u e  
req u ire s  re la tiv e ly  lo w  c o s t (see  ap p e n d ix  B ), n o n -c o m p lic a te d  tech n o lo g y , w h ich  
g en e ra lly  h av e  a  h ig h  p u b lic  a ccep tan ce  an d  can  o fte n  be ca rried  o u t on  s ite  (V id a li,
2 0 0 1 ).
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F ig u re  2 .4  D e g ra d a tio n  p ro c e sse s  o f  p o ly c y c lic  a ro m a tic  h y d ro c a rb o n  in  th e
E n v iro n m e n ta l
S ource : C e rn ig lia  C .E ., 1993

2.3 .1  B io re m e d ia tio n  o f  B e n z o (a )p y ren e
T h e  n a tu ra l p re sen ce  o f  P A H s in  th e  e n v iro n m e n t a llo w s  m an y  

m ic ro o rg a n ism s  to  ad ap t to  e x p lo it th e se  P A H s as th e  p o te n tia l g ro w th  substra te . 
T h u s, m a n y  b a c te r ia l, fu n g a l, an d  a lg a l s tra in s  h av e  b e e n  sh o w n  to  u tiliz e  a  w id e  
v a rie ty  o f  P A H s c o n ta in in g  fro m  th re e  to  fiv e  a ro m atic  rin g s  (G ib so n , 1993; P o th u lu ri 
&  C e rn ig lia , 1998; B ic im i, 2002).

P A H s a re  d e g ra d e d  s lo w ly  b y  in d ig en o u s  m ic ro o rg a n ism s an d  th u s  p e rs is ted  
in  so il an d  se d im e n ts  (G ram ss e t a l., 1993; P o tin  e t a l., 2004). T h e  re c a lc itra n t n a tu res  
o f  P A H s, a ttr ib u te d  in  p art to  th e  s tro n g  a b so rp tio n  o f  P A H s m o lecu le  to  so il o rg an ic  
m a tte r  an d  in  p a rt to  th e ir  lo w  so lu b ility , m ake  th em  less am en ab le  to  m icro b ia l 
d e g ra d a tio n  (C e rn ig lia , 1992; R o g e r e t a l., 2 0 0 2 ; B ic im i, 2 0 0 2 ). H o w ev er, co m p ared  
to  o th e r p ro c e sse s  w h e reb y  th e se  c o m p o u n d s  a re  rem o v ed  fro m  th e  en v iro n m en t, the



m ic ro b ia l d e g ra d a tio n  p lay s  a  m a jo r  ro le  in  th e  re m e d ia tio n  o f  c o n ta m in a te d  sites 
(C e rn ig lia , 1992; G ib so n , 1993; P o th u lu ri &  C ern ig lia , 1998; S u illia , 2 0 0 3 ).

O v e r th e  p a s t 30  y ea rs , re se a rch e s  o n  th e  m ic ro b ia l d e g ra d a tio n  h av e  re su lte d  
in  th e  iso la tio n  o f  m ic ro o rg a n ism s  ab le  to  d eg rad e  lo w  m o le c u la r  w e ig h t P A H s (th ree  
o r le ss  fu se d  rin g s). T h e  ra te , m e ta b o lic  p a th w ay , e n zy m a tic  re g u la tio n  an d  g en e tic  
re g u la tio n  h av e  b e e n  w e ll d o cu m en ted . H o w ev er, fo r  th e  h ig h  m o le c u la r  w e ig h t 
P A H s in c lu d in g  B aP , w h ic h  a re  g e n e ra lly  re c a lc itra n t to  m ic ro b ia l a ttack , o n ly  few  
g en e ra  o f  m ic ro o rg a n ism s  w ith  th e  ab ility  to  d eg rad e  th e m  h a v e  b e e n  o b serv ed . 
C o n se q u e n tly , th e  re p o rts  o f  th e  re a c tio n  seq u en ce  as  w e ll as th e  id e n tif ic a tio n  o f  
m e ta b o lic  p ro d u c t(s )  h av e  b een  lim ited  (Ju h a sz  &  N a id u , 2000).

In  1988, H e itk am p  an d  C e rn ig lia  p u b lish e d  th e  f irs t s tu d y  o n  th e  iso la tio n  o f  
b a c te r ia  c ap ab le  o f  ex te n s iv e  d e g ra d a tio n  o f  P A H s c o n ta in in g  fo u r  a ro m a tic  rin g s 
(H e itk a m p  &  C e rn ig lia , 1988). In  1989, M u lle r  e t al. d e m o n s tra te d  fo r  th e  f irs t tim e  
th a t th e  u tiliz a tio n  o f  a  P A H  co n ta in in g  fo u r o r  m o re  a ro m a tic  rin g s  a s  a  so le  so u rce  
o f  c a rb o n  a n d  e n e rg y  by  b a c te ria  w as  p o ss ib le  (M u lle r  e t ah , 1989).

2 .3 .2  B io d e g ra d a tio n  o f  B aP  by  fung i
T h e  b io d e g ra d a tio n  o f  B aP  b y  fu n g i has b een  rep o rted  an d  b eco m e  m o re  

a ttra c tiv e  te c h n iq u e  th an  th a t th e  u se  o f  b ac te ria , b ecau se  o f  th e  g rea te r  d eg rad in g  
p o te n tia l o f  fu n g i b y  v ir tu e  o f  th e ir  ag g re ss iv e  g ro w th , g re a te r  b io m ass  p ro d u c tio n  and  
e x te n s iv e  h y p h a e  re a c h  in  so il. T h e  h ig h  su rface -to -ce ll ra tio  o f  f ilam en to u s  fung i 
m a k e s  th e m  b e tte r  d eg rad e rs  th e  co n ta m in a te d  so ils  (V id a li, 2 0 0 1 ; S u llia , 2003 ; 
R o b in o v ic h  e t ah , 2 0 0 4 ). M o reo v e r, w h en  th e  funga l m y c e lia  o n ce  p ro d u ced , it can  
be  re -u se d  m a n y  tim e s  an d  c a n  be  em p lo y ed  w ith o u t lo ss  o f  e ffec tiv en ess  in  
co n tin u o u s  o r s e m i-c o n tin u o u s  reac to rs  fo r sev era l m o n th s . F u rth e rm o re , th e  
m y c e liu m  c a n  be  k ep t in  co ld  s to rag e  fo r sev e ra l m o n th s  w ith o u t loss o f  a c tiv ity  
(K n ap p  e t a l, 1999; K o tte rm an  e t a l., 1999).

W h erea s  th e  P A H  d e g ra d a tio n  o f  b a c te ria  h av e  b een  w e ll s tud ied , k n o w led g e  
o f  s im ila r  a c tiv itie s  in  fung i is lim ited . A s fung i hav e  b eco m e  as im p o rtan t as  b ac te ria
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in  th e  b io re m e d ia tio n  o f  P A H , a  d iv e rse  g ro u p  o f  fu n g i; l ig n in o ly tic  and  
n o n lig n in o ly tic  fu n g i c ap ab le  o f  P A H s o x id a tio n  has b een  re p o rte d  (T ab le  2 .2 )

2 .3 .2 .1  W h ite  R o t F u n g i an d  B aP  b io d e g ra d a tio n
T h ey  a re  sev e ra l re p o rts  o n  th e  in n o v a tiv e  te c h n iq u e  u s in g  rem ark ab le  

p o te n tia l w h ite  ro t fu n g i fo r b io d e g ra d a tio n  o f  P A H s. T h e  lig n in o ly tic  fung i, 
c o m m o n ly  k n o w n  as w h ite  ro t fu n g i, P h a n e r o c h a e t e  c h r y s o s p o r i u m  h a s  b e e n  u sed  as 
a  m o d e l o rg a n ism  to  s tu d y  th e  p o te n tia l o f  w h ite  ro t fu n g i to  d e g ra d e  P A H s (S an g la rd  
e t ah , 1986; H a e m m e rli e t ah , 1988; B u m p u s  et ah , 1985, 1989; B a rc lay  e t ah , 1995; 
Z h en g  &  O b b a rd , 2 0 0 2 a). N e v e rth e le ss , o th e rs  w h ite  ro t fu n g i, su ch  as  T r a m e t e s  

v e r i c u l a r  (C o llin  e t ah , 1996; M a jc h e rz y k  e t ah , 1998; L ev in  e t ah , 2003), 
B j e r k a n d e r a  sp. (F ie ld  e t ah , 1992; M e s te r  e t ah , 1996; K o tte rm a n  e t ah , 1998), 
P y c n o p o r u s  c i n n a b a r i n u s  (R a m a  e t ah , 1998), P l e u r o t u s  sp . (B aza le l e t ah , 1996; 
E g g e n  &  M a jc h e rc zy k , 1998), an d  S t r o p h o r i a  ru g o so a n n u la ta  (S te ffen  e t ah , 2 002 ,
2 0 0 3 ) h av e  a lso  sh o w n  p ro m ise s  fo r th e ir  ab ilitie s  to  d eg rad e  P A H s m o re  ra p id ly  th an  
p .  c h r y s o s p o r i u m .

2 .3 .2 .2  N o n  w h ite  ro t fu n g i an d  B aP  b io d e g ra d a tio n  
N o n -lig n in o ly tic  fu n g i w h ic h  h av e  th e  a b ility  to  o x id iz e  P A H s w ere

a lso  o b se rv ed . T h e  fu n g u s  S t r o p h o r i a  c o r o n i l l a  (S te ffen  e t ah , 2 0 0 3 ), F u s a r i u m  s o l a n i  

(P o tin  e t ah , an d  V e ig n ie  e t ah , 2 0 0 4 ; V e rd in  e t ah , 2 0 0 4 a ,b ,c ) , as  w e ll as  P é n i c i l l i u m  

j a n t h i n e l l u m  (L au n en  e t a h ,1995; B o o n ch an  e t ah ., 2 0 0 0 ), an d  A s p e r g i l l u s  

sp .(C ap to rti e t ah , 2 0 0 4 ) w ere  a lso  re p o rte d  to  o x id ize  B aP . F u rth e rm o re , th e  sam e 
in ten s iv e  a b ility  to  d e g ra d e  B aP  as th a t o f  1000 tim es  o f  w h ite  ro t fung i w as  d esc rib ed  
fro m  C u n n i n g h a m e l l a  e l e g a n s  (C e rn ig lia  &  G ib so n , 1979).

2.4 Fungal bio transformation
F a c to rs  e ffe c tin g  B aP  b io tra n s fo rm a tio n  are:
2 .4 .1  C a rb o n  sou rce :
In  o rd e r  to  b io tra n s fo rm  B aP , a lte rn a tiv e  ca rb o n  so u rce  m ay  be n ecessa rily  

p ro v id e d  as  a  g ro w th  su b stra te  in  m a n y  fung i. G lu co se  h as  b een  u sed  as  a  v ersa tile  
c a rb o n  so u rce  fo r  g ro w th  su b stra te  in  P h a n e r o c h a e t e  sp ., T r a m e t e s  sp ., B j e r k a n d e r a  

sp ., N e m a t o l o m a  f o r w a r d i i  (B u m p u s  et ah , 1985; S an g la rd  e t ah , 1986; C o llin  e t ah ,
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T ab le  2 .2  L is t o f  fu n g i c a n  d eg rad e  o f  B e n z o (a )p y ren e  (a d ap ted  fro m  Ju h a rz  &
N a id u , 2 0 0 0 )
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1996; K o tte rm a n n  e t a l., 1998). W h ile  sab o u ran d  d e x tro se  b ro th  h as  b een  w id e ly  
a p p lie d  fo r C u n n i n g h a m e l l a  e l e g a n s  (C e rn ig lia  &  G ib so n , 1980), M a lt-Y e a s t ex trac t-  
P ep to n e - D e x tro se  (M Y P D ) h as  g o o d  p ro p e rty  fo r P e n n i c i l l i u m  sp. (L au n en  e t ah , 
1995). O th e r g ro w th  su b s tra te s  su ch  as  g ly ce ro l, m a lt ex trac t, o r  ev en  w h e a t s traw  
h av e  a lso  b een  re p o rte d  as  a  su p p le m e n te d  ca rb o n  so u rce  (F ie ld  e t ah , 1992; W o lte r  e t 
ah , 1997; M o rg a n  e t ah , 1993; B a rc la y  e t ah , 1995), as  w e ll as  su g a rc a n e  b a g a sse s  an d  
p in e  sa w d u s t a re  th e  c a rb o n  so u rce  su ita b le  fo r p. c h r y s o s p o r i u m .

2 .4 .2  N itro g e n  sou rce :
C o n tra rily  to  c a rb o n  so u rce  e ffec t, su ffic ie n t n itro g e n  so u rce  w a s  m en tio n e d  to  

in h ib it th e  m in e ra liz a tio n  o f  B aP , w h ile  h av in g  a  little  e ffe c t o f  p o la r  m e tab o lite  
fo rm a tio n  (K o tte rm a n n  e t ah , 1996; B o y le  e t ah , 1998). It w as  sh o w n  th a t saw d u st o r 
g ro u n d  a lfa fa  in h ib ite d  fo rm a tio n  o f  p o la r  m e tab o lite s , b u t h ad  little  e ffe c t on  
m in e ra liz a tio n  (B o g a n  e t ah , 1996; B o y le  e t ah , 1998).

2 .4 .3  B aP  c o n c e n tra tio n  an d  b io d e g ra d a tio n  co n d itio n :
V a rio u s  c o n c e n tra tio n s  o f  B aP  d e g ra d a tio n  by  fu n g i w ere  rep o rted . T h e  w h ite  

ro t fu n g i p. c h r y s o s p o r i u m  w as sh o w ed  th e  ab ility  to  m a x im iz e  d e g ra d a tio n  o f  76 
mg/1 o f  B aP  w ith in  24  d ay s  (B u m p u s  e t ah , 1985). A s w e ll as  th e  C u n n i n g h a m e l l a  

e l e g a n s  w a s  re p o rte d  to  d eg rad e  53 (Jm ol o f  B aP  w ith in  9 6 h rs  (C e rn ig lia  &  G ib so n ,
1980). H o w ev e r, th e  e x te n t o f  B aP  rem o v a l by  o th e rs  lig n in o ly tic  fu n g i w ere  rev ea led  
by  L a u n e n  e t ah , in  1995 th a t 100 mg/1 o f  B aP  w as tra n s fo rm e d  b y  P é n i c i l l i u m  

j a n t h i n e l l a  w ith in  7 d ay s  (L a u n e n  e t ah , 1995). T h e  A s p e r g i l l u s  o c h a r a c e u s  w as 
d isc o v e re d  to  b io tra n fo rm a tio n  o f  ab o u t 80 p m o l o f  B aP  w ith in  18 h rs  (G h o sh  e t ah , 
1983), as w e ll as  D a tta  an d  S a m a n ta  sh o w ed  th e  ab ility  o f  A. o c h a r a c e u s  to  d eg rad e  
0 .4  m m o l o f  B aP  w ith in  48  h rs  (D a tta & S a m a n ta , 1988). T h e  d e g ra d a tio n  o f  2 7 .5 %  o f  
in itia l c o n c e n tra tio n  o f  a b o u t 25 [Jg/1 o f  B aP  w as a lso  d eg rad ed  b y  A . T e r r e u s  w ith in  
56 d ay s  (S ta n le y  e t ah , 1999). T h e  T r i c h o d e r m a  v i r i d e  as w ell as F u s a r i u m  s o l a n i ,  F. 
o x y s p o r u m  w ere  a lso  re p o rte d  to  h av e  re la tiv e  d e g rad a tio n  p e r u n it b io m ass  o f  ab o u t 
39% , 17%  an d  8% , re sp e c tiv e ly , o f  100 mg/1 o f  B aP  in  liq u id  m ed ia  a f te r  30  d ay s  o f  
in c u b a tio n  (V e rd in  e t ah , 20 0 4 b ).
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S ev era l lig n in o ly tic  an d  as  w e ll as  n o n -lig n in o ly tic  fu n g i c a n  su ccess iv e ly  
m in e ra liz e  B aP  to  C O 2 u n d e r d iffe re n t g ro w th  an d  c u ltu re  co n d itio n s  as  so m e 
e x a m p le s  sh o w n  b e lo w .

•  P h a n e r o c h a e t e  c h r y s o s p o r i u m  c u ltu re  g ro w n  o n  e x cess  g lu co se  (1 0 g /l) , a t 37 
°c sh o w e d  14 .6%  o f  150 n m o l o f  in itia l B aP  m in e ra liz a tio n  a f te r  in c u b a tio n  p e rio d s  
o f  168 h o u rs  (S a n g la rd  e t ah , 1986).

•  P l e u r o t u s  s tra in  w as d e m o n s tra te d  to  m in e ra liz e  1%  B aP  in  so lid  s ta te  
fe rm e n ta tio n  o v e r  a  15 -w eek  in c u b a tio n  p e rio d  in  w h e a t s traw . T h e  u tiliz a tio n  ra te  
w as  in d e p e n d e n t o f  th e  in itia l c o n c e n tra tio n  o f  B aP  a t th e  c o n c e n tra tio n s  te s te d  fro m  5 
to  100 m g /k g  (B e z a le l e t ah , 1996; W o lte r  e t ah , 1997; E g g en  &  M a jc h e rz y k , 1998).

•  F u s a r i u m  s o l a n i  m in e ra liz e d  o f  1.2 %  o f  188 mg/1 o f  B aP  to  C O 2 a t th e  firs t 
s tag e  o f  th e  fe rm e n ta tio n  p ro cess  w ith in  15 hrs. (V ien ie  e t ah , 2 0 0 2 , 2 004).

•  B j e r k a n d e r a  sp. w a s  sh o w n  to  h av e  th e  ab ility  to  m in e ra liz e  8 .4%  o f  20  mg/1 
o f  B aP  to  C O 2 in  th e  e x cess  o f  g lu co se  (5 g /l)  a t 30  0 c  (K o tte rm a n n  e t ah , 1998; 
B ic im i, 2 0 0 2 ).

•  P é n i c i l l i u m  j a n t h i n e l l a  m in e ra liz e d  50  mg/1 o f  in itia l B aP  u p  to  2 5 %  w ith in  49  
d ay s  an d  a t 5 3 %  w ith in  100 d ay s  (B o o n c h a n  e t ah , 2000).

•  S te ffe n  u se d  en z y m e  w h ic h  e x tra c te d  fro m  S t r o p h o r i a  c o r o n i l l a  to  m in e ra liz e  
100 mg/1 B aP  to  12%  C O 2 w ith in  6 w eek s  w ith  th e  e n h a n c e m e n t o f  T w een  80 
(S te ffe n  e t a l, 2 0 0 3 )

•  T h e  g re a te r  b io tra n s fo rm a tio n  e ffic ien cy  (9 0 -9 9 % ) w ere  a lso  o b se rv ed  w ith  
th e  fo llo w in g  fu n g a l a c tiv itie s : su ch  as  p . c h r y s o s p o r i u m  c o u ld  re m o v e  o f  a b o u t 99%  
o f  150 n m o l. O f  B aP  (S an g la rd  e t ah , 1986). P y c n o p o n u s  c i n n a b a r i n u s  co u ld  rem o v e  
o f  9 5 %  o f  0.1 m m o l. O f  B aP  (R a m a  e t ah , 1998). T r a m e t e s  v e r s i c o l o r  w as rep o rted  to  
rem o v e  o f  9 0 %  o f  25 p m o l o f  in itia l B aP  (M a jc h e rc zy k  e t ah , 1998). A lso , 
B j e r k a n d e r a  sp. B O S 5 5  co u ld  d eg rad e  up  to  9 9 %  o f  50 mg/1 o f  B aP  (K o tte rm an n  et 
ah , 1998). A s  w e ll as  N e m a t o l o m a  f r o w a r d i i  w as rep o rted  to  d eg rad e  9 9 %  o f  10 mg/1 
B aP  (S a c k  e t ah , 1997). M o reo v e r, th e  d e c rea se  in  B aP  c o n c e n tra tio n  re su lted  in  the 
c o n c o m ita n t in c rea se  in  w a te r  so lu b le  B aP  p ro d u c ts  (K o tte rm an n  e t ah , 1998, 1999).

2.5 Fungal metabolism of BaP and its metabolic pathway
T h e  b ac te ria l d e g ra d a tio n  o f  P A H s in itia lly  p ro ceed s  th ro u g h  a  d io x y g en ase  

w h ic h  a tta c k s  o n  an  a ro m a tic  rin g  to  fo rm  a c is-d ih y d ro d io l (F ig u re  2 .5). T he
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d ih y d ro x y la te d  c is -d ih y d ro d io l in te rm ed ia te s  fo rm ed  are  o x id iz e d  to  ca tech o ls  o f  
w h ic h  rin g  f is s io n  by  d io x y g en ase  en zy m es  is o ccu rred  to  g iv e  a lip h a tic  
in te rm ed ia te s . T h ese  in te rm ed ia te s  a re  th en  be  o x id ized  to  p ro v id e  en e rg y  o r fo r 
b io sy n th e s is  o f  ce ll co n stitu en ts .

In  c o n tra s t to  b ac te ria , fung i do  n o t u tiliz e  P A H s as th e ir  so le  so u rces  o f  
c a rb o n  an d  e n e rg y  b u t tra n s fo rm  P A H s co -m e tab o lica lly  to  d e to x ify  ch em ica l 
p ro d u c ts . T w o  m a in  en zy m e  g ro u p s  in v o lv ed  in  th e  in itia l a tta ck  on  P A H s by fungi 
a re  th e  c y to c h ro m e  P -4 5 0  m o n o x y g en ase s  an d  th e  lig n in  p e ro x id ase s . B o th  en zy m es 
a re  re la tiv e ly  n o n -sp e c if ic  fo r th e  P A H s th a t th ey  m e tab o lize .

2 .5 .1  E x tra -c e llu la r  en zy m es
L ig n in  p e ro x id ase s , m an g an ese  p e ro x id ase s  an d  lacca se s , ex tra c e llu la r  

e n z y m e s  p ro d u c e d  by  th e  w h ite  ro t fu n g i, a re  th e  b e s t c h a ra c te r iz e d  en zy m es 
in v o lv in g  in  b io tra n sfo rm a tio n  (R a m a  e t ah , 1998; M este r& tien , 2 0 0 0 ; S te ffen  e t ah , 
2 0 0 3 ; D o d o r e t ah , 2004). T h e  sp ec if ic ity  o f  th e se  en zy m es  is low ; th e re fo re  th e  
su b s tra te  sp e c tru m  is b road . T h is  n o n -sp e c if ic  m o d e  o f  en z y m e  ac tio n  is ad v an tag eo u s  
in  th a t it d o es  n o t req u ire  p re c o n d itio n in g  to  in d iv id u a l p o llu tan ts  an d  av o id  th e  
u p tak e  o f  p o ten tia l to x ic  su b s tan ces  (B ic im i, 2 0 0 2 ; S zew ezy k  e t ah , 2 0 0 3 ). T h e  
m e c h a n ism  o f  lig n in  p e ro x id ase s  fo u n d  in  P. ch rysosporiu m , c. elegans, A. 
och raceu s, T. vers ic o lo r  and  p. c in n abarin u s  can  be  d e sc rib ed  as fo llo w ed .

T h e  e x tra -c e llu la r  lig n in  p e ro x id a se s  in itia te  a  free  rad ica l a tta ck  on  P A H s, by  
a  s in g le  e le c tro n  tran sfe r , to  fo rm  q u in o n es  (F ig u re  2 .5). O ne o f  th e  p h en o lic  
m e ta b o lite s , 6 -h y d ro x y b e n z o [a ]p y ren e , is fu rth e r o x id ized  to  th e  1,6-, 3 ,6 -, o r 6 ,12 - 
q u in o n e s  as  B aP  p o la r  m e ta b o lite s  (H aem m erli e t ah , 1986; F ie ld  e t ah , 1992; B o g an  
&  L am ar., 1996; M a jch e rczy k  et ah , an d  R am a  e t ah , 1998) sh o w  in  F ig u re  2 .6 . T he 
p h en o ls , q u in o n es , an d  d ih y d ro d io ls  can  be  d e to x ified  by  co n ju g a tio n  to  g lu cu ro n id es  
an d  su lfa te  e s te rs , an d  th e  q u in o n es  can  a lso  fo rm  g lu ta th io n e  c o n ju g a te s  (F ig u re  2.5). 

M o reo v e r, K o tte rm a n n  sh o w ed  th a t th e  m e tab o lite s  o f  B aP  o b ta in ed  from  the  
d e g ra d a tio n  by  B jerkan dera  sp. had  no m u tag en ic  ac tiv ity  and  w ere  w a te r  so lu b le  
p ro d u c ts  (K o tte rm a n n  et ah , 1998, 1999).
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F ig u re  2 .5  P a th w a y s  fo r th e  m ic ro b ia l c a ta b o lism  o f  p o ly c y c lic  a ro m atic  
h y d ro c a rb o n s
S o u rce : C e m ig lia  C .E ., 1993

2 .5 .2  In tra c e llu la r  en zy m es
B es id e s  th e  e n zy m es  p re v io u s ly  m en tio n ed , m an y  fu n g i o x id ize  P A H s v ia  

in tra c e llu la r  en zy m e  su c h  as c y to c h ro m e  P -4 5 0  m o n o o x y g e n a se  in  w h ic h  o n e  a to m  o f  
th e  o x y g e n  m o le c u le  is in co rp o ra ted  in to  th e  P A H  to  fo rm  an  a ren e  o x id e  an d  th e  
o th e r a to m  in to  w a te r. M o s t a ren e  o x id e s  a re  u n s tab le  an d  can  u n d erg o  e ith e r 
e n z y m a tic  h y d ra tio n  v ia  ep o x id e  h y d ro la se  to  fo rm  tra n s-d ih y d ro d io ls  o r non - 
e n z y m a tic  re a rra n g e m e n t to  fo rm  p h en o l w h ic h  can  b e  co n ju g a ted  w ith  su lfa te , 
g lu co se , x y lo se , o r g lu co ro n ic  ac id . F u rth e r o x id a tio n  o f  B aP  d ih y d ro d io ls  has b een  
d e m o n s tra te d  by  C e rn ig lia  an d  G ib so n  w ith  C unn ingham ella  e leg an s  (C e m ig lia  and  
G ib so n , 1980, 1985), A sp erg illu s  te rreu s  (C ap o to rti e t a l., 2 0 0 4 ), P é n i c i l l i u m  sp. 
(L au n en  e t a l., 1995) an d  F usarium  sp. (S u illia , 2003 ; V e rd in  e t a l., 2 004  a ,b ,c).
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y

BâP l,6-quinooe BaP 3,6-quînorx;

F ig u re  2 .6  B e n z o (a )p y ren e  q u in o n e s  p ro d u c e d  fro m  th e  fu n g a l o x id a tio n  o f  
b e n z o (a )p y re n e  (a d ap ted  fro m  C e m ig lia & G ib so n , 1980).

T h e  m e ta b o lism  o f  b e n z o [a \p y ren e  has b een  e x te n s iv e ly  s tu d ied  in  the  
lite ra tu re ; h o w e v e r , o n ly  th e  m o st im p o rtan t p a th w ay s  w ill be p re sen ted  in  th is  
su m m ary . A s  o u tlin e d  in  IA R C  (1 9 8 3 ), b e n z o [a ]p y ren e  is m e ta b o liz e d  in itia lly  b y  the  
m ic ro so m a l cy to c h ro m e  P -4 5 0  m o n o o x y g e n a se  sy stem  to  sev e ra l a ren e  o x id es , w h ich  
m ay  re a rra n g e  sp o n ta n e o u s ly  to  p h en o ls , u n d e rg o  h y d ra tio n  to  th e  co rre sp o n d in g  
tra n s -d ih y d ro d io ls , o r reac t c o v a le n tly  w ith  g lu ta th io n e , e ith e r sp o n tan eo u s ly  o r in a 
reac tio n  c a ta ly z e d  b y  g lu ta th io n e -S -tran sfe rase s .



In a d d it io n  to  c o n ju g a tio n , th e  d ih y d r o d io ls  u n d er g o  furth er o x id a t iv e  
m e ta b o lism . B e n z o [a ]p y r e n e  is  fir st a c t iv a te d  b y  c y to c h r o m e  P 4 5 0 1 A 1  to  fo rm  (+ )-  
b e n z o [a ]p y r e n e  7 ,8 -e p o x id e  a m o n g  o th er  p rod u cts . N e x t ,  (+ )-b e n z o [a ]p y r e n e  7 ,8 -  
e p o x id e  is  m e ta b o liz e d  b y  e p o x id e  h y d r o la se  to  y ie ld  ( - ) -b e n z o [a ]p y r e n e -  
7 , 8 ,d ih y d r o d io l. ( - ) -b e n z o [a ]p y r e n e -7 ,8 ,d ih y d r o d io l is  in  part o x id iz e d  to  7 ,8 -d io l-
9 , 1 0 -e p o x id e , a  c o m p o u n d  c o n s id e r e d  to  b e  th e  u ltim a te  c a r c in o g e n ic  m e ta b o lite  o f  
b e n z o  [a jp y r e n e , an d  further r e a c tin g  w ith  c y to c h r o m e  P 4 5 0 1 A 1  to  y ie ld  ( -7 ,8 ,9 ,1 0 -  
tetrah yd ro  b e n z o (a )p y r e n e )  (F ig u r e  2 .7 ) .

20

F ig u re  2 .7  F u n g a l tra n sfo rm a tio n  o f  b e n z o (a )p y r e n e . T h e  fo r m a tio n  o f  h y d ro x y la te d  
b e n z o (a )p y r e n e s  and  b e n z o (a )p y r e n e  d ih y d r o d io ls  o c c u r s  v ia  b e n z o (a )p y r e n e  
e p o x id e s . D ih y d r o d io ls  m a y  b e  tra n sfo rm ed  to  d io l e p o x id e s , w h ic h  m a y  u n d ergo  
further tra n sfo rm a tio n  to  fo rm  te tra o ls . (a d ap ted  from  C e r n ig lia & G ib so n , 1 9 8 0 )
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2.6 Application of fungal bioremediation

S o m e  a p p lic a t io n s  o f  fu n g a l b io r e m e d ia t io n  w e r e  rep orted . T h e  p ro fo u n d  
e f fe c t  o n  b io d e g r a d a tio n  o f  v a r io u s  h y d ro ca rb o n  c o m p o u n d s  b y  fu n g i d e p e n d s  o n  th e  
a v a ila b ility  o f  o x y g e n  m o le c u le s  (A tla s , 1 9 9 7 ). In m o s t  c a s e s , f ie ld  trea tm en t o f  P A H s  
c o n ta m in a te d  e n v ir o n m e n t in v o lv e d  b io -s t im u la t io n  (L e a h y & C o lw e ll ,  1 9 9 0 ). T h e  
a p p lic a t io n  o f  fu n g a l b io r e m e d ia t io n  c a n  b e  c la s s if ie d  in to  tw o  m a in  ty p e s , in  situ  and  
ex situ  b io r e m e d ia t io n  as b r ie f ly  d e sc r ib e d  b e lo w :

In  s itu  b io r e m e d ia t io n  b y  fu n g i are m o s t ly  rep orted  to  treat th e  lo n g -te r m  
P A H s  c o n ta m in a te d  s o i l  in  g a s  p la n ts , or p e tr o le u m  re fin ery , or  tar d is t illa t io n  fa c to ry  
s ite s  (A s h o k  e t  a l., 1 9 9 5 ; P o s p is i l  e t  a l., an d  S a se k  &  N o v o tn y , 1 9 9 6 ; E g g e n  &  
M a jc h e r c z y k , 1 9 9 8 ; L o eh r  &  W eb ster , 2 0 0 0 ;  S a se k  e t a h , 2 0 0 3 ;  P o tin  e t a l, 2 0 0 4  a ,b ). 
S o m e  fu n g i w e r e  u se d  to  treat th e  c o n ta m in a te d  s o i l  in  w o o d  p reserv a tio n  p r o c e ss  
fa c to r y  (H a rd y  &  S tew a rd , 1 9 9 3 ; K o tterm a n n , 1 9 9 9 ). B io d e g r a d a tio n  o f  B a P  in  s o i l  is  
rep orted  to  h a v e  h a l f - l iv e s  o f  5 0  d a y s  to  a b o u t 8 .2  y ea rs  (G ra m ss e t ah , 1 9 9 9 ; E R A C L  
T h e m e , 2 0 0 2 ) .

L an d  fa rm in g  is  a  b io lo g ic a l  trea tm en t te c h n o lo g y  in  w h ic h  w a s te  m a ter ia ls  
are a p p lie d  to  s o i l  su r fa c e s  a s  s o l id  s le d g e s  or a q u e o u s  s lu rr ies  (S trau b e  e t  ah , 2 0 0 3 ) .

C o m p o s t in g  e n c o u r a g e s  b io lo g ic a l  d eg ra d a tio n  o f  co n ta m in a n ts . A er a tio n , 
le a c h a te  an d  r u n o f f  co n tr o l are b u ilt  in to  th e  sy s te m  d e s ig n . A ir  m o v e m e n t  is  u se d  to  
co n tr o l th e  c o n c e n tr a t io n  o f  o x y g e n  (H in c h e e  e t ah , 1 9 9 4 ).

O n  th e  o th er  h an d , th e  e x  situ  b io r e m e d ia t io n  u s in g  a  b io rea c to r  or o n  s ite  lan d  
fa rm in g  is  c o m m o n ly  ap p ro a ch ed  to  treat o i ly  w a s te  (W ils o n  &  J o n e s , 1993 ; A tla s , 
1 9 9 7 ). T h e  s tu d y  o f  th e  trea tm en t o f  B a P  c o n ta m in a te d  s o i l  in  a  b a tch  reactor  w a s  
p r e v io u s ly  rep orted  (W ils o n  &  J o n e s , 1 9 9 3 ; V ie g n ie  e t a l, 2 0 0 2 ) .

B io r e a c to r s  p erm it th e  o p tim iz a tio n  and con tro l o f  p r o c e ss  p aram eters. Its m ay  
u se  su sp e n d e d  m ic r o o r g a n ism s  or a d so rb ed  b io -f ilm . It m a y  b e  op era ted  w ith  or 
w ith o u t  a d d it io n  o f  o x y g e n  or o th er  e le c tr o n  a cce p ters  and  n u trien t fe e d  (A tla s , 1 9 9 5 ).
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In b io f i l t r a t io n ,  m ic r o o r g a n ism s  in  th e  fo rm  o f  a  m o is te n e d  b io - f i lm  layer  
a tta ch ed  to  c o m p o s t  are u se d  to  c a ta ly s t  c h e m ic a l r e a c tio n s  (S to n e , 1 9 9 4 ). B io ­
tr ic k lin g  f ilte r s  are s im ila r  to  b io -f ilte r s , but c o n ta in  c o n v e n tio n a l scru b b er  p a c k in g  
m ater ia l in s te a d  o f  c o m p o s t  (L e v in  &  G ea lt, 1 9 9 3 ).

A  m e m b ra n e  b io rea c to r  is  c o n s is t in g  o f  liq u id -p h a se  b io rea c to r  c o u p le  w ith  a  
m em b ra n e  c la r if ic a t io n  u n it. T h e  m em b ra n e  sy s te m  ca n  b e  o p era ted  in  e ith er  an  
a e r o b ic  or  a n a e r o b ic  m o d e  (L e v in  &  G ea lt , 1 9 9 3 ).

A  f lu id iz e d  b e d  reactor  s y s te m  c o n s is t s  o f  a  c o lu m n  reactor  c o n ta in in g  m e d ia  
that se r v e s  a s  an  a tta ch m en t su r fa ce  for  th e  re ten tio n  o f  m ic r o o r g a n ism s . T h e  
c o n ta m in a te d  liq u id  f lo w s  th ro u gh  th e  reactor  w h e r e  m ic r o o r g a n ism s  d eg ra d e  th e  
c o n ta m in a n ts  p resen t. T h is  is  su ita b le  for  trea tin g  c o n ta m in a te d  s o i ls  an d  w a ter  
(C ra w fo rd  &  C ra w fo rd , 1 9 9 6 ).
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