
CHAPTER 2

LITERATURE REVIEW

T h is  c h a p te r c o m p rise s  se ve ra l fa c to rs  a ffe c tin g  the  C d  u p ta ke  o f  p la n t, u p take  

m e c h a n ism , p h y s io lo g ic a l responses and  a m e lio ra t io n  o f  c o n ta m in a te d  s o il u s in g  p la n ts . I t  

sh o u ld  be n o te d  th a t th o u g h  th is  s tu d y  a b s o lu te ly  in v o lv e d  the  e ffe c ts  o f  C d  o n  p la n ts  g ro w n  

h y d ro p o n ic a lly  in  c o n tro lle d  c o n d itio n s , i t  is  necessary  to  k n o w  the  fa c to rs  such  as s o il p ro p e rtie s  

and o th e r  h e a v y  m e ta ls  e ffe c ts . T h is  is  because in  the  f ie ld  c o n d itio n s  te r re s tr ia l p la n ts  take  up  C d 

f ro m  s o il and the  u p ta k e  is  c o n tro lle d  b y  these  re la t in g  fac to rs .

2.1 Factors affecting p lan t uptake o f cadm ium

O ne o f  the  m a jo r  p a th w a y s  b y  w h ic h  C d  ente rs  the  fo o d  c h a in  is  v ia  p la n t  u p take  o f  th is  

m e ta l f r o m  s o il.  T h e  r is k  o f  e xp osu re  is  n o t  easy to  assess s im p ly  f r o m  a n a ly s is  o f  m e ta l 

c o n c e n tra tio n s  in  s o il,  s ince  a v a i la b i l i ty  w i l l  depend o n  m a n y  fa c to rs  w h ic h  re la te  to  s o il,  

m ic ro b ia l a c t iv ity  and  p la n t its e lf .  T h e se  fa c to rs  are as fo llo w s .

2.1 .1  p H  : S o i l  p H  is the  m a jo r  fa c to rs  d e te rm in in g  the  a v a ila b il i ty  o f  C d  in  the  s o il 

because i t  a ffe c ts  a l l  a d so rp tio n  m e c h a n ism s  and the  sp é c ia tio n  o f  m e ta ls  in  the  s o il s o lu t io n  

( A l lo w a y ,  1990). S o il p H  w a s  in v e rs e ly  re la te d  to  C d  a c c u m u la tio n  in  w h e a t g ra in . A  neg a tive  

lin e a r  re la t io n s h ip  fo r  s o il p H  and g ra in  C d  e x is te d  b e tw e e n  s o il p H  5 .0  to  6 .2 . A t  s o il p H  <  5 .0  

g ra in  C d  re m a in e d  c o n s ta n t a t 45  [ ig /k g , w h ile  a t s o il p H  >  6 .2  g ra in  C d  re m a in e d  co n s ta n t a t 9 .9  

|lg /k g .  T h e se  f in d in g s  re v e a l the increase in  C d  s o lu b il i ty  and b io a v a ila b il i ty  u n d e r ac id ic  

c o n d itio n s  (G a v i,  B asta  and R a u n , 1997). In  c o n tra s t, the s o lu t io n  c u ltu re  e x p e r im e n t has s h o w n  

th a t p H  d iffe re n c e s  (p H  4 -7 )  has o n ly  a s m a ll e ffe c t on  the  C d up take  o f  c o m  w i th  som e ev idence 

o f  in h ib it io n  o f  a b so rp tio n  and tra n s lo c a tio n  a t lo w  p H . T h e  H  does n o t com p e te  e f fe c t iv e ly  w ith  

the C d 2 fo r  up take  ( T y le r  and M c b r id e , 1982).
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2 .1 .2  C a t io n  E xc h a n g e  C a p a c ity  (C E C )  : T h e  C d  c o n te n t o f  p la n t is  in v e rs e ly  

p ro p o r t io n a l to  th e  C E C  o f  the  s o il (H a g h ir i,  1 97 4 ). H o w e v e r , A l lo w a y  (1 9 9 0 )  re p o rte d  th a t the  

re la t io n s h ip  b e tw e e n  C E C  and p la n t u p ta k e  re m a in s  u n c le a r because c a tio n  exchange is  o n ly  one  

o f  s e ve ra l a d s o rp tio n  m e c h a n ism s  a ffe c tin g  the  s o lu b il i ty  o f  C d  in  so ils .

2 .1 .3  C a d m iu m  o r ig in  and its  c o n te n t : A l lo w a y  (1 9 9 0 ) re p o rte d  th a t c rops g ro w n  o n  

so ils  sp ike d  w i th  C d  sa lts  ta ke  up  m o re  C d  th a n  those  g ro w n  o n  s o ils  c o n ta in in g  the  e q u iv a le n t 

a m o u n t o f  C d  f ro m  sew age sludge . U p ta ke  b y  m a ize  w as  5 to  18 tim e s  g re a te r f r o m  C d S 0 4- 

sp iked  s o ils  com p a red  w i th  e q u iv a le n t a m o u n ts  o f  C d  in  s ludge. In  a d d itio n , in c re a s in g  a m o u n t 

o f  th is  m e ta l is  m o re  l ik e ly  to  a ffe c t the  C d  c o n te n t o f  p la n t a lth o u g h  the  a v a i la b i l i ty  o f  C d  

depends o n  m a n y  fa c to rs . L o g a n  and F e ltz  (1 9 8 5 )  supported  the  h yp o th e s is  th a t a t a g iv e n  C d  

a p p lic a tio n  ra te  C d  u p ta k e  sh o u ld  decrease a t C d  c o n te n t o f  the  sludge decreases. J in g  and 

L o g a n  ( 199 2 ) suggested th a t the  q u a lity  o f  s lud g e  m ig h t be as im p o r ta n t as s o i l  p H  and C d  

lo a d in g  ra tes  in  re g u la t in g  fo o d  c h a in  c o n ta m in a tio n  f ro m  C d  in  sew age s ludge . T h e  ‘ c le a n ’ 

s ludges, those  lo w  in  C d  (and  p re s u m a b ly  o th e r c o n ta m in a n ts ) pose less o f  a r is k  to  the  fo o d  

c h a in  th a n  m o re  c o n ta m in a te d  s ludges a t eq ua l s ludge a p p lic a tio n  ra te .

2 .1 .4  O rg a n ic  m a tte r  : T h e  presence o f  h u m ic  acid  in  s o lu t io n  c u ltu re s  c o n ta in in g  C d  

decreased the  C d  a c t iv i ty  in  s o lu t io n  and m a rg in a lly  suppressed its  a b so rp tio n  b y  c o m  ro o ts  

( T y le r  and M c b r id e  , 198 2 ). A s  fo r  the  ro le  o f  o rg a n ic  m a tte r in  s o il,  H a g h ir i (1 9 7 4 )  p o in te d  o u t 

th a t a lth o u g h  o rg a n ic  m a tte r has a h ig h  C E C  and has the  cap ac ity  o f  a d so rb in g  la rg e  q u a n titie s  o f  

C d . its  e ffe c t is  n o t p e rm a n e n t. F o r  e xa m p le , b y  a n n u a l land  a p p lic a tio n  o f  la rg e  q u a n tit ie s  o f  

m a te r ia l such as sew age s ludge  w h ic h  is v e ry  h ig h  in  o rg a n ic  m a tte r and c o n ta in s  C d  (d ep end ing  

on  the sou rc e ), one  sh o u ld  n o t expec t a n y  c rop  dam age f ro m  C d. H o w e v e r , o v e r  a n u m b e r o f  

yea rs  the ne t c o n c e n tra tio n  o f  C d  in  the  s o il w i l l  increase even th o u g h  C d  is n o t a v a ila b le  to  

p lan ts . W h e n  the  a d d it io n  o f  o rg a n ic  m a tte r  is  ceased, the o rg an ic  m a tte r  c o n te n t o f  the  s o il w i l l  

d ec lin e . T h e  c o n c e n tra tio n  o f  C d  in  s o il s o lu t io n  w i l l  p ro b a b ly  c o n t in u a lly  increase  and 

e v e n tu a lly  m a y  exceed the  th re s h o ld  fo r  c rop  p ro d u c tio n . T h is  is c o n s is te n t w ith  the  ‘ s ludge tim e  

b om b  h y p o th e s is ’ w h ic h  p o s tu la te s  th a t m e ta l a d so rp tio n  cap ac ity  o f  the  s o il is  aug m e n ted  b y  s o il 

o rg a n ic  m a tte r  added as sew age s ludge , b u t th is  ca p a c ity  w i l l  re v e rt back  to  its  o r ig in a l



b a c kg ro u n d  le v e l w i th  t im e  fo l lo w in g  te rm in a t io n  o f  sew age s lud g e  a p p lic a tio n  as s lo w  

m in e ra liz a t io n  o f  o rg a n ic  m a tte r  in  s ludge re leases m e ta ls  in  m o re  s o lu b le  fo rm s . T h is  h y p o th e s is  

to g e th e r w i th  th e  p la te a u  th e o ry  has b een p rop osed  to  describe th e  p h y to a v a ila b i l i ty  o f  p o te n t ia lly  

to x ic  m e ta ls  in  sew age sludge trea ted  s o il.  B o th  o f  th e m  w e re  d iscussed  b y  C h a n g , H y u n  and 

Page (1 9 9 7 ). T h e  p la te a u  th e o ry  argues th a t  the  m e ta l a d so rp tio n  c a p a c ity  added w i th  s ludge w i l l  

p e rs is t as lo n g  as th e  m e ta ls  o f  con cern  p e rs is t in  the  s o il and  th e  m e ta ls  w o u ld  re m a in  in  

c h e m ic a l fo rm s  n o t  re a d ily  a v a ila b le  fo r  p la n t up take . T h e re fo re , the  m e ta l c o n c e n tra tio n s  o f  

p la n t tissue  w i l l  re a c h  a p la te a u  as sew age sludge m ass lo a d in g  increases and  re m a in  a t th is  

p la te a u  a fte r  te rm in a t io n  o f  s ludge a p p lic a tio n . O n  the  o th e r hand , the  s lud g e  t im e  b om b  

h yp o th e s is  does n o t d isp u te  the  p oss ib le  p resence o f  a p la n t tissu e  m e ta l c o n c e n tra tio n  p la te a u  

d u r in g  the  course o f  a p p ly in g  the  sew age sludge o n  c rop land . I t  addresses th e  p o ss ib le  

consequences fo r  m e ta l c o n c e n tra tio n  in  p la n t tissue  fo l lo w in g  th e  te rm in a t io n  o f  sew age sludge 

a p p lic a tio n . S in c e  s o ils  h a ve  a f in i te  cap a c ity  to  im m o b il iz e  m e ta ls  b y  a d s o rp tio n  o r  p re c ip ita t io n  

re a c tio n s  w ith o u t  the  p ro te c tiv e  e ffe c t o f  the  s o rp tiv e  m a te r ia l in  the  s lud g e  i ts e lf ,  th e  C d 

c o n c e n tra tio n  in  p la n t tissu e  w i l l  th e n  r ise  ra p id ly . B u t  f r o m  10 ye a rs  o f  e x p e r im e n ta l data , the 

re su lts  in d ic a te  th a t an a c tu a l p la te a u  o r  t im e  b om b  w a s  n o t e v id e n t b u t c o n d it io n  fo r  p la te a u  o r  

t im e  b om b  to  ta ke  p lace  m a y  be foun d .

2 .1 .5  O th e r  io n s  ะ T h e  e ffe c t o f  io n s  o n  the  C d  u p ta ke  is less c lea r. C o p p e r, N i ,  Se , M n  

and p have  an a n ta g o n is tic  e ffe c t o n  C d  up take . N e v e rth e le s s , Pb  is c o n s id e re d  to  have  a 

s y n e rg is tic  e ffe c t due to  i t  b e in g  p re fe re n t ia lly  adsorbed. Z in c  has been fo u n d  to  ha ve  an 

a n ta g o n is tic  e ffe c t o n  C d  u p ta k e  in  so ils  w i th  lo w  C d  c o n c e n tra tio n , and e ith e r  a s y n e rg is tic  o r  a 

n i l  e ffe c t w i th  re la t iv e ly  h ig h  C d  c on ten ts  (A l lo w a y ,  1990). T h e  e ffe c t o f  Z n  is  ag a in s t the  e a r lie r  

w o rk  conducted  b y  H a g h ir i (1 9 7 4 ). J in g  and L o g a n  ( 1992) fo u n d  no  s ig n if ic a n t  c o rre la t io n s  o f  

C d  u p take  w ith  C d /F e , C d /A l o r  C d /(F e + A l)  ra tio s . T h e re  w as , h o w e v e r, a h ig h e r  c o rre la t io n  o f  

p la n t u p take  w i th  C d /P  ra t io . W h i le  G a b i, B asta  and R a u n  (1 9 9 7 )  re p o rte d  th a t  lo n g  te rm  use o f  

N  and p fe r t i l iz e r  d id  n o t  ra ise  C d  le v e l o f  w h e a t g ra in .
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2 .1 .6 M y c o r rh iz a  : T h e re  are som e re p o rts  a b o u t the  re d u c tio n  o f  C u , N i  and  Z n  to x ic ity  

b y  m y c o rrh iz a . R o o t  in fe c t io n  b y  m y c o r rh iz a  enhances m e ta l to le ra n c e . A m e lio ra t io n  o f  to x ic ity  

appears to  in v o lv e  a re d u c tio n  in  the  a m o u n t o f  m e ta l a va ila b le  to  th e  p la n t  b y  in c o rp o ra t io n  in to  

the  fu n g u s , th e re b y  re d u c in g  u p ta k e . T h e  ro o ts  o f  m a n y  p la n t species w h ic h  m a y  c o lo n iz e  m e ta l-  

c o n ta m in a te d  s o il can be in fe c te d  w i th  m y c o rrh iz a  (D a v ie s  , 199 4 ). A lth o u g h  th e re  is  no  

d isc u ss io n  a b o u t th e  fu n g u s  ro le  o n  re d u c in g  C d  to x ic ity  f ro m  D a v ie s ’ re v ie w , i t  is  p oss ib le  to  

o b ta in  the  s im ila r  re su lt.

2 .1 .7  P la n t  fa c to rs  ะ

a) P la n t  g e n o typ e  : P la n t  species and v a r ie t ie s  d if fe r  w id e ly  in  th e ir  a b i l i t y  to  

absorb, a c c u m u la te  and to le ra te  h e a v y  m e ta ls . L e ttu c e , sp inach, c e le ry  and cabbage tends to  

acc u m u la te  re la t iv e ly  h ig h  c o n c e n tra tio n s  o f  C d , w he re as  p o ta to  tu bers, m a iz e , fre n c h  beans and 

peas acc u m u la te  o n ly  s m a ll a m o u n ts  o f  C d  ( A l lo w a y ,  1990).

b ) R o o t  exud a tes  : T h e  re lease  o f  o rg an ic  exudates b y  the  p la n t  r o o t  m a y  

in f lu e n c e  n u tr ie n t  s o lu b il i ty  and  u p ta ke  in d ire c t ly  th ro u g h  th e ir  e ffe c ts  o n  m ic ro b ia l a c t iv ity ,  

rh izo s p h e re  p h y s ic a l p ro p e rt ie s , and  ro o t  g ro w th  pa tte rns , and d ire c t ly  b y  a c id if ic a t io n , c h e la tio n , 

p re c ip ita t io n  and o x id a t io n -re d u c t io n  re a c tio n s  (U re n  and R e ise naue r, 1988 c ite d  in  K r is h n a m u r t i 

e t a l., 199 7 ). E x c re t io n  p ro d u c ts  o f  ro o ts  in c lu d e  a v a r ie ty  o f  lo w -m o le c u la r -w e ig h t  o rg a n ic  acids 

such as c itr ic ,  o x a lic , ta r ta r ic  and ace tic  acids. Th e se  exudates m a y  c o n tr ib u te  to  the  fo rm a tio n  o f  

so lu b le  c o m p le x  and che la tes  and m o d ify  the  m o b il i ty  o f  the h e a v y  m e ta ls  in  the  s o il rh izo sp h e re . 

C h e la t io n  o f  m e ta ls  in  s o il d is tu rb s  the  e q u il ib r iu m  b e tw e e n  the  la b ile  m e ta l o n  the  s o lid  phase 

and s o il s o lu t io n  and thus  enhances the  re lease  o f  the fo rm e r  to  the  s o il s o lu t io n . T h e re fo re , m e ta l 

che la tes  in  the  s o il- r o o t  in te rfa c e  zone  re p le n is h  the  m e ta l io n  ta ke n  up  b y  the  p la n t. R e m o v a l o f  

a che la ted  m e ta l b y  p la n t u p take  thus  es ta b lishes  a d if fu s io n  g ra d ie n t to  tra n s p o rt m o re  che lated  

m e ta l to w a rd  the  ro o t  su rfa ce . T h e  use o f  0.01 M  o f  these o rg a n ic  acids inc re ased  the  C d  re lease 

up to a re a c tio n  p e rio d  o f  a b o u t tw o  h o u rs  and then  s lo w ly  decreased w ith  t im e  b y  m ic ro b ia l 

d eg rad a tion . T h e  C d  re lease  w a s  in  the  o rd e r : fu rm a r ic  ac id  > c itr ic  ac id  >  o x a lic  ac id  >  acetic  

acid  S s u c c in ic  ac id . T h e  k in e t ic s  o f  C d  re lease f ro m  the  so ils  w a s  d if fu s io n  c o n tro lle d , and  the 

d y n a m ic  re lease  o f  these lo w -m o le c u la r -w e ig h t  o rg a n ic  acids f ro m  the  p la n t ro o ts  in to  the  s o il 

rh izo s p h e re  w o u ld  c o n t in u o u s ly  re lease  C d  f ro m  the  so ils  (K r is h n a m u r t i e t ah , 1997).
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2.2 Cadm ium  uptake and translocation

U p ta k e  o f  c a tio n ic  so lu tes  is  l ik e ly  to  d r iv e n  la rg e ly  b y  th e  n e g a tiv e  m e m b ra n e  p o te n tia l 

across the  p lasm a  m em b ra n e , w h ic h  is  g enera ted  in  p a rt b y  m e ta b o lic a lly  d e p e n d e n t processes 

such as p ro to n  e x tru s io n  v ia  the  p la sm a  m e m b ra n e  H  A T P a s e . C a rr ie r-m e d ia te d  u p ta k e  has been 

re p o rte d  fo r  a n u m b e r o f  c a tio n ic  m ic ro n u tr ie n ts . C a d m iu m  is  n o t  k n o w n  to  be an  e sse n tia l p la n t 

m ic ro n u tr ie n t,  i t  is  n o te w o r th y  th a t C d  u p take  appears to  o c c u r v ia  a c a rr ie r-m e d ia te d  sys tem . I t  

is  e v id e n t th a t Z n  appears as a s tro n g  c o m p e tito r  o f  C d  in  ro o t  u p ta k e ; th e re fo re , i t  shares 

c o m m o n  tra n s p o rt s ites  o r  processes (C a ta ld o , G a rla n d  and W ild u n g , 198 3 ; C o s ta  and  M o re l,  

1994; H a r t  e t ah , 199 8 ). C a ta ld o  e t a l. (1 9 8 3 ) in v e s tig a te d  a b s o rp tio n  c h a ra c te ris tic s  o f  C d 2+ in  

soyb ean  . I t  w as  fo u n d  th a t a t c o n c e n tra tio n  o f  0 .0 0 2 5  to  0.5 p M  th e  f ra c t io n  o f  n o n 

exchang eab le  C d  b ou n d  to  ro o ts  w as  2 0  to  2 5 %  o f  th e  absorbed fra c t io n , and  inc re ased  to  4 5 %  a t 

s o lu t io n  c o n c e n tra tio n  in  excess o f  0 .5  pM  . W h i le  th e  m e ta b o lic a lly  absorbed  f ra c t io n  w as 

s h o w n  to  re p re se n t 75 to  8 0 %  and 5 5 %  a t c o n c e n tra tio n  less th a n  0 .5  p M  and  a t 5 pM , 
re s p e c tiv e ly . T h e se  re su lts  w e re  c o n firm e d  b y  C o s ta  and M o re l (1 9 9 4 ). C d  u p ta k e  b y  fo u r  

c u lt iv a rs  o f  le ttu c e  re ve a le d  th a t u p take  processes d ep end ing  o n  A T P  seem ed to  be im p o r ta n t and 

w a s  e s p e c ia lly  tru e  a t lo w  C d  c o n c e n tra tio n s  in  th e  m e d iu m . A t  c o n c e n tra tio n s  h ig h e r  th a n  0 .1 p  
M  C d  the  c o n tr ib u t io n  o f  a c tiv e  processes in v o lv e d  H +A T P a s e  w a s  reduced , su g g e s ting  th a t C d  

en te red  the  c e ll b y  o th e r  p rocesses such as an ir re v e rs ib le  b in d in g  o f  C d  to  r o o t  exchang e  s ites  o r  

c e ll W 'all m a te r ia l. H o w e v e r ,  the  exchangeab le  f ra c t io n  due to  th e  p resence o f  a n io n ic  charges, 

i.e . c a rb o x y lic  g roup s , loca ted  in  the  a p op la sm  o f  th e  ro o t, w a s  lo w e r  th a n  th a t  fo u n d  w ith  

soyb ean  seed lings. T ra n s lo c a t io n  o f  C d  to  shoo ts  in  d u ru m  w h e a t c u lt iv a r  com p ared  w ith  the 

bread w h e a t c u lt iv a r  w a s  in ve s tig a te d  b y  H a r t  e t a l. (1 9 9 8 ). I t  w a s  fo u n d  th a t lo w e r  s h o o t C d  

a c c u m u la tio n  w a s  ob served  in  d u ru m  w h e a t c u lt iv a r  th o u g h  C d  c o n te n t in  ro o ts  w a s  h ig h e r. T h is  

in d ica tes  th a t C d  is  re ta in e d  in  the  ro o ts , perhaps b y  a m e c h a n ism  in v o lv in g  s e q u e s tra tio n  o r  

decreased x y le m  lo a d in g  o f  C d. C a d m iu m  is  k n o w n  to  a c c u m u la te  in  the  v a c u o le s  o f  ro o t ce lls  

v ia  m o re  th a n  one m e c h a n ism . M o v e m e n t o f  C d  across the to n o p la s t o f  o a t ro o t  c e lls  has been 

d escrib ed  as o c c u rr in g  b y  a C < T7h ' - a n tip o r t sys te m  as w e l l  as b y  a p h y to c h e la t in -C d  tra n s p o rte r 

 ̂ th a t m a y  be M g - A T P  dependent. W h a te v e r  th e  m e c h a n ism  o f  to n o p la s t C d  tra n s p o rt, v a c u o la r  

c o m p a rtm e n ta tio n  o f  C d  w o u ld  tend  to  l im i t  s y m p la s tic  m o v e m e n t o f  th e  h e a v y  m e ta l. A lth o u g h  

excess C d  a c c u m u la tio n  in  d u ru m  w h e a t g ra in  w a s  n o t  c o rre la te d  w i t h  s e e d lin g -ro o t in f lu x  ra tes
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o r  ro o t- to -s h o o t tra n s lo c a tio n , the  s im ila r  m e c h a n is m  w a s  m a n ife s te d  in  th e  d u ru m  g ra in  in  w h ic h  

C d  th a t has b een load ed  w a s  less l ik e ly  to  be re m o b iliz e d  o u t  o f  g ra ins . T h is  w o u ld  im p ly  th a t 

s y m p la s tic  tra n s p o rt p rocesses are o f  p r im a ry  im p o rta n c e  in  u n d e rs ta n d in g  C d  a c c u m u la tio n  in  

w h e a t g ra ins . A n o th e r  process in v o lv e d  in  C d  m o v e m e n t in to  w h e a t g ra in s  is  l ik e ly  th a t lo a d in g  

in to  d e v e lo p in g  g ra in s  occurs  v ia  the  p h lo e m .

2.3 Effects o f cadm ium  stress on physio logical responses

T h e re  are th re e  d if fe re n t  stages b ro a d ly  in v o lv e d  in  th e  u p ta k e  and  m o v e m e n t o f  C d 

s o lu t io n  in  p la n ts . T h e  f i r s t  s h o r t- te rm  stage occurs  w i th in  a fe w  h o u rs  o f  e xp o su re , th e  p r im a ry  

e ffe c t b e in g  o n  r o o t  m e ta b o lis m  and g ro w th ; a n  in d ire c t e ffe c t is  the  s to m a ta l o p e n in g  genera ted  

b y  th e  inc rease  o f  the  o s m o tic  p o te n tia l o f  th e  leaves. T h e  second stage o cc u rs  1 to  2  days a fte r  

e xp osu re  to  C d . C a d m iu m  acts d ire c t ly  o n  the  g ua rd  c e lls , and  seve re  r o o t  g ro w th  in h ib it io n  

l im its  w a te r  u p ta k e  and causes a decrease in  re la t iv e  w a te r  c o n te n t o f  th e  le a ve s  and a s to m a ta l 

c losu re . W h e n  exp osu re  c o n tin u e s  fo r  a lo n g  t im e  o r  v e ry  h ig h  C d  c o n c e n tra tio n  are ap p lied , 

th e re  is  a g e n e ra l m e ta b o lic  d e c lin e  w i th  a loss  o f  tu rg o r  and a h y d ro p a s s iv e  s to m a ta l c losu re  

(B a rc e lo  e t a l ,  198 6  c ite d  in  M a rc h io l e t a l., 19 9 6 ). H ig h  le v e l o f  h e a v y  m e ta ls , in c lu d in g  C d , 

ind uces an  io n  s tress in  p la n ts  c le a r ly  d is t in c t f r o m  s a lt stress. A n  excess o f  these m e ta l io n s  o r  o f  

s o lu b le  m e ta l che la tes  m a y  ind uc e  a se ries  o f  b io c h e m ic a l and  p h y s io lo g ic a l a lte ra tio n s  in  p la n ts  

w h ic h  p re se n t som e c o m m o n  c ha rac te ris tic s . M e m b ra n e  dam age, a lte ra t io n  o f  e n zy m e  a c tiv it ie s  

and  in h ib it io n  o f  r o o t  g ro w th  are cons id e red  c h a ra c te ris tic  fe a tu re s  o f  h e a v y  m e ta l stress. The se  

e a r ly  e ven ts  lead  to  a la rge  range o f  seco nd ary  e ffe c ts , such as d is tu rb a n c e  o f  h o rm o n e  ba lance, 

d e fic ie n c y  o f  e sse n tia l n u tr ie n ts , in h ib it io n  o f  p h o to syn th e s is , change in  p h o to a s s im ila te  

tra n s lo c a tio n  and  a lte ra t io n  o f  w a te r  re la tio n s , w h ic h  fu r th e r  enhance the  m e ta l- in d u c e d  g ro w th  

re d u c tio n  (B a rc e lo  and P o sch en ried e r, 1990).

2 .3 .1  C e ll  e xp a n s io n  as a ffe c ted  b v  c a d m iu m

ร ณ d y  o n  C d  d is tr ib u t io n  in  m a iz e  ro o ts  has s h o w n  th a t m o s t o f  C d  is  assoc ia ted  w ith  c e ll 

w a lls  and the  m id d le  la m e lla e . Increased  c ro s s - lin k in g  o f  p ec tin s  in  the  m id d le  la m e lla e  m a y  

increase  c e ll a d he s ion , w h ic h  w o u ld  be a s ig n if ic a n t  sou rce  o f  res is ta nce  to  g ro w th . D ecreased  

c e ll w a l l  e x te n s ib il i ty  m a y  a lso  a rise  f r o m  m e ta l- in d u c e d  decrease o f  c e ll w a l l  syn th e s is .
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F o rm a tio n  o f  p o ly n u c le a te d  c e ll o c c a s io n a lly  occ u rre d  in  C d  trea ted  p la n ts , w h ic h  suggests th a t 

c e ll w a l l  syn th e s is  is  l im it in g  c e ll g ro w th  (B a rc e lo  and P o sc h e n rie d e r, 1990).

2 .3 .2  A lte ra t io n  o f  p la n t-w a te r  re la t io n

2 .3 .2 .1  W a te r  tra n s p o rt v ia  p la sm a  m em b ra ne

W a te r  channe ls  o r  a q ua p o rins  p la y  s ig n if ic a n t ro le  in  tra n s p o rt o f  w a te r  v ia  m em b rane . 

T h is  tra n s p o rt is  g o ve rn e d  b y  an  a lte ra t io n  o f  w a te r  c h a n n e l p ro te in  a c tiv it ie s  and  a change in  its  

c o n te n t (C h risp e e ls  and M a u re l,  1994). W a te r  c h a n n e l are th o u g h t to  be s e le c tiv e  m a in ly  because 

th e y  are q u ite  n a rro w , thus  a llo w in g  the  passage o f  w a te r  m o le c u le s  one  b y  o n e  in  s in g le  f i le .  

E v e n  p o la r  so lu te  m o le c u le s  w i th  d ia m e te rs  s l ig h t ly  b ig g e r th a n  those  o f  w a te r  are th o u g h t to  be 

exc lu d ed  f ro m  e n te rin g  the  p ore . In  p la n t tissue  w a te r  channe ls  and n o t  p la sm o d e sm a ta  m a y  

m e d ia te  m o s t o f  the  w a te r  f lo w  f ro m  c e ll to  c e ll and  the  tra n s c e llu la r  ra th e r  th a n  the  s y m p la s tic  

c o m p o n e n t w o u ld  be m o re  im p o r ta n t th a n  the  ap op las tic . F a c to rs  w h ic h  can tr ig g e r  the  o p e n in g  

and the  c lo s in g  o f  cha nne l b y  the  change in  c o n fo rm a tio n  o f  tra n s p o rt p ro te in  are h e a v y  m e ta ls , 

h ig h  c o n c e n tra tio n , lo w  w a te r  p o te n tia l and  the  tu rg o r. B es id es, the  c o m p o s ite  s tru c tu re  o f  

m e m b ra ne  w ith  p ro te in a c e o u s  a rra ys  in  p a ra lle l w i th  l ip id  a rra ys  suggests th a t the  in h ib it io n  o f  

w a te r  channe ls  do n o t a ffe c t so lu te  f lo w  (S te u d le  and H e n z le r , 1995).

2 .3 .2 .2  E f fe c t  o f  c a d m iu m  o n  fa c to rs  g o v e rn in g  p la n t w a te r  ba lance 

R o o t g ro w th  a n d  m o rp h o lo g y

R o o t g ro w th  is  the  re s u lt o f  tw o  d if fe re n t  m e c h a n ism s , c e ll d iv is io n  a t th e  ro o t  t ip  and 

c e ll e lo n g a tio n  in  the e x te n s io n  zone . I t  is n o te d  th a t  s tone  p ine  (P in a s p in e a  L . )  and  the  m a r it im e  

p ine  (P in u s  p in a s te r  A i t . )  g ro w n  in  c u ltu re  s o lu t io n  sup p lie d  w i th  5 (J.M C d S 0 4 had  d ra m a tic a lly  

re d u c tio n  in  tap ro o t e lo n g a tio n . A  s u p p ly  o f  0.1 o r  1 p iM  C d 2 , h o w e v e r, enhanced  ro o t 

e lo n g a tio n  in  stone p ine  w ith o u t  s ig n if ic a n t ly  in f lu e n c in g  ro o t  e lo n g a tio n  in  m a r it im e  p in e . In  

b o th  species the  ro o t d e n s ity  and  the  w id th  o f  the  c o rte x  increased  in  response to  C d 2 exp osu re  . 

T h e  th ic k e n in g  o f  the ro o t  suggests th a t h e a v y  m e ta l to x ic i ty  a ffe c ts  c e ll e lo n g a tio n  in  e x te n s io n  

zone  m o re  th a n  c e ll d iv is io n  in  the  a p ic a l m e r is te m  (A rd u in i,  G o d b o ld  and O n n is , 1994).



Im p a ire d  sp a tia l d is tr ib u t io n  and the  reduced  ro o t  h a ir  su rface  o f  the  m e ta l s tressed  ro o ts  lead  to  

bad ro o t-s o il co n ta c t and  lo w e r  the  ca p a c ity  o f  p la n ts  to  e x p lo re  the  s o i l  fo r  w a te r  and  n u tr ie n ts  

(B a rc e lo  and P o sc h e n rie d e r , 199 0 ). T h is  is  because m o s t o f  th e  w a te r  is  absorbed  in  the  ro o t  h a ir  

zone  w h ic h  is a b o u t 6 7 %  o f  to ta l r o o t  su rfa ce  area. P la n t  ro o t  sy s te m  u n d e r m e ta l s tress d if fe rs  

fro m  the  one fa c in g  d ro u g h t stress, w h ic h  is  m o re  l ik e ly  to  p e ne tra te  to  th e  m o is t  deeper s o il 

( T a iz  and Z e ig e r, 199 1 ). In  a d d itio n , reduced  w a te r  u p ta ke  b y  m e ta l s tressed  p la n ts  m a y  be 

caused b y  an increased  res is tance  to  w a te r  f lo w  in to  and  w i th in  ro o ts . R o o t  b ro w n in g  due to  

enhanced s u b e r iz a tio n  o r  l ig n if ic a t io n  m a y  l im i t  w a te r  u p ta k e  (B a rc e lo  and P o sc h e n rie d e r, 1990). 

T h is  response is ob served  in  w a te r  s tressed  p la n t ( T a iz  and  Z e ig e r, 199 1).

D ia m e te r  a n d  n u m b e r o f  vesse ls

T h e  f lo w  o f  w a te r  in  the  x y le m  ob eys  H ag e n  P o is s e u ills ’ s la w  :

F lo w  ra te  =  (  P 2-P j ) (  7 lr4/8 L B  )

W h e re  ฦ  is  the  v is c o s ity  o f  the  sap, p 2- p 1is  the  p ressu re  g ra d ie n t a lo n g  the  c a p illa ry , L  is 

the le n g th  o f  the  p a th w a y , and r  is  the  ra d iu s  o f  the  c a p illa ry . T h is  m eans w h e n e v e r  th e re  is  a 

decrease o f  the  tra c h e a ry  d ia m e te r, th e re  w o u ld  be a c o n s id e rab le  decrease in  c o n d u c tiv ity . T o x ic  

le v e ls  o f  C d , Z n , A1 and C r  have  been fo u n d  to  decrease ve sse l d ia m e te r in  d ive rse  p la n t species. 

In  b ean p la n t stem s, 4 4 .5  (J.M C d  decreased b o th  ve sse l ra d iu s  and  the  n u m b e r o f  vesse ls , 

re s u lt in g  in  decreased to ta l ve sse l area. O th e r  e n v iro n m e n ta l stresses, such as d ro u g h t, a lso  

ind uce the  fo rm a tio n  o f  s m a ll ve sse l, b u t th is  decrease m a y  be com pensated  b y  an increase  o f  the  

n u m b e r o f  vesse ls. T h e  decrease o f  b o th  n u m b e r and s ize  o f  vesse ls  in  C d -tre a te d  p la n ts  m a y  be 

caused b y  the m e ta l ind uced  in h ib it io n  o f  c e ll d iv is io n  in  the  p ro c a m b iu m  and  c a m b iu m , b y  the 

in h ib it io n  o f  c e ll e lo n g a tio n  and  b y  m e ta l- in d u c e d  a lte ra tio n s  o f  the  fo rm a t io n  o f  seco nd ary  c e ll 

w a l l  th ic k e n in g s  (B a rc e lo  and P o sc h e n rie d e r, 1990).

T ra n s p ir a t io n

S tud ie s  w ith  e p id e rm a l p ee ls  f lo a t in g  o n  Pb, C d , N i  o r  A1 c o n ta in in g  s o lu t io n s  have 

s h o w n  th a t h e a v y  m e ta ls  m a y  ind uc e  s to m a ta l c lo su re . E x p e r im e n ts  o n  e xc ised  leaves have  

d e m on s tra ted  th a t m e ta ls  inc rease  s to m a ta l res is tance  n o t  o n ly  w h e n  d ire c t ly  ap p lie d  to  g uard  o r  

e p id e rm a l c e lls  b u t a lso  w h e n  re a c h in g  the  leaves v ia  x y le m . B u t  in  w h o le  p la n ts  the  increased



s to m a ta l res is ta nce  m a y  m e re ly  be a consequence o f  e a r ly  to x ic ity  e ffe c ts  in  ro o ts  and  stem s, 

le a d in g  to  decreased w a te r  a v a i la b i l i ty  in  leave s (B a rc e lo  and P o sc h e n rie d e r, 199 0 ). T h e  re su lts  

f ro m  tw o  c u lt iv a rs  o f  soyb e an  g ro w n  in  n u tr ie n t  s o lu t io n  c o n ta in in g  C d  fo r  s ix  days  in d ic a te d  th a t 

the  s to m a ta l cond uc tance  w a s  depressed b y  5 0 %  and 3 0% . T h e  s to m a ta l w id th  fo r  th e  C d -tre a te d  

p la n ts  w a s  s ig n if ic a n t ly  less th a n  th a t o f  the  c o n tro l,  in d ic a tin g  s to m a ta l c lo su re  (M a rc h io l e t a l . , 

1996 ). A t  lo w  C d  c o n c e n tra tio n  (0 .0 1 -0 .1  (J.M), the  s to m a ta l conductance o f  C d -tre a te d  le ttu c e  

increased. H o w e v e r ,  fo u r  t im e s  decrease o f  s to m a ta l conductance f ro m  2 0 0  fu M  C d  tre a tm e n t 

com p ared  w i th  the  c o n tro l w a s  ob se rved  (C o s ta  and M o r e l , 199 4 ). In  a d d itio n , increased  

s to m a ta l d e n s ity  has been  ob se rved  in  P ha seo lu s  v u lg a r is  exposed  to  to x ic  C d  c o n c e n tra tio n , b u t 

tra n s p ira t io n  w a s  decreased (B a rc e lo  and P o sch en ried e r, 1990).

2 .3 .3  T ra n s lo c a t io n  o f  o th e r n u tr ie n ts

F o r  p la n ts  C d  is one  o f  the  m o s t dange rous h e a vy  m e ta ls  due to  its  m o b i l i t y  and  th e  s m a ll 

c o n c e n tra tio n s  a t w h ic h  its  e ffe c ts  b e g in  to  sh o w . S y n e rg is tic  and a n ta g o n is tic  e ffe c ts  can  be 

p rod uced  g iv in g  rise  to  changes in  the  d is tr ib u t io n  o f  n u tr ie n ts  in  p la n ts  c o m p a red  w i th  those  

g ro w n  in  the  absence o f  C d . In te ra c tio n s  b e tw e en  C d and o th e r n u tr ie n ts  are seen as changes in  

the  n u tr ie n t c o n te n t o f  the  p la n t and  m a n ife s ts  b y  p h y s io lo g ic a l d iso rd e rs  and the  d im in u t io n  o f  

g ro w th  and y ie ld  (M o ra l e t a l. , 1994). S y m p to m s  o f  to x ic  e ffe c t are c h lo ro s is , nec ros is , and  

cu rle d  leaves w ith  re d d ish  v e in s  and p e tio le  to g e th e r w ith  g ro w th  re d u c tio n  (F e rg u sso n , 199 0 ).

Pea p lan ts  g ro w n  in  p e r lite  and v e rm ic u lite  c u ltu re d  w ith  n u tr ie n t  s o lu t io n  c o n ta in in g  0 -6  m gC d/1 

had a severe  decrease in  M l)  c o n te n t in  nod u les . P ro b a b ly  C d  d isp laced  M n  f r o m  its  m e ta b o lic  

p o s itio n s . S t i l l ,  th e re  w a s  a h ig h e r tra n s lo c a tio n  o f  M n  f ro m  ro o t  to  s h o o t w h e n  C d  c o n c e n tra tio n  

in  the c u ltu re  m e d iu m  increased  (H e rn a n d e z , G ara te  and C a rp e n a -R u iz , 1995). T h e  re d u c tio n  o f  

M n  c o n te n t in  ro o t  and s h o o t w a s  observed  in  b irc h  (B  e tu i a P e n d il la )  g ro w n  in  n u tr ie n t  s o lu t io n  

w ith  2 ( iM  C d C l,  fo r  s ix  days. M o re o v e r ,  ro o t c o n c e n tra tio n  o f  K  and C a and  s h o o t 

c o n c e n tra tio n  o f  C a, p , Fe and C u  w a s  s ig n if ic a n t ly  reduced b y  C d  tre a tm e n t. B u t  ร  c o n te n t in  

f in e  ro o ts  w a s  increased . D ecrease  K  c o n c e n tra tio n  m a y  be due to  e ffe c ts  o n  th e  A T P a s e , 

resp o ns ib le  fo r  the p ro to n  g ra d ie n t needed to  take  up K  a c tiv e ly . A t  lo w  e x te rn a l K  c o n c e n tra tio n  

the  u p take  o f  K + is m a in ly  e n e rg y  dependent, and has been s h o w n  to  be s e n s it iv e  to  C d. T h e  

up take  o f  p o ly v a le n t  c a tio n , e.g. C a 2 and M g 2+, is  re a d ily  depressed b y  the  p resence o f  o th e r
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polyvalent cations, and Cd has been shown to reduce the uptake of Ca in sugar beet (Beta 
vulgaris), for example. Cations and, especially, the polyvalent ones that are exported to the shoot, 
mainly enter the xylem through the young roots with unsuberized endodermal cell walls. This 
means that the apical part of fine roots may be particularly susceptible to heavy metal exposure, 
thus imparing cation transport to the shoot. Moreover, increased root concentration of ร and Cd 
after Cd exposure suggests a Cd-induced synthesis of Cd-binding sulphur containing peptides in 
the root tips (Gussarsson et al., 1996).

2.3.4 Proline accumulation
It is generally known that plant cells which actually experience desiccation to the point of 

turgor loss must regain turgor through osmotic adjustment to resume growth. In other words, it is 
a reduction of water potential without decrease in turgor. That is, osmotic potential is changed by 
the rise in solute content/cell, not resulting from alteration of cell volume. The increased solutes 
include sugars, organic acids and ions, especially K . Most ions, affecting enzyme activities, 
accumulate in vacuole, whereas other solutes build up in cytoplasm to balance the water potential 
of the cell without interfering the enzyme activities (Taiz and Zeiger, 1991). During a period of 
water deficit different organisms accumulate a range of amino acids to a greater or lesser degrees, 
but the most frequent and extensive response is an increase in the concentration of amino acid, 
proline (Bates, Waldren and Teare, 1973; Stewart and Larher, 1980; Paleg and Aspinal, 1981; 
Handa et al. 5 1986 ; Naidu, Aspinall and Paleg, 1992).

Paleg and Aspinall (1981) reported that proline may accumulate in all organs of the intact 
plant during water deficit, although accumulation is most rapid and extensive in the leaves. Once 
the water deficit is eliminated, a fall in proline concentration is observable within 3 to 4 hours to 
several days depending on plant species. Physiological advantages derived from the 
accumulation of proline are discussed as follows.

a) Accumulated proline acts as a compatible solute regulating and reducing water loss 
from the cell during the episodes of water deficit. Such mechanism can be important in a 
mesophytic higher plant growing in a field environment where diurnal fluctuations in leaf water 
potential occur.



17

b) Free proline does not interfere with plant metabolism at the concentrations 
accumulated during stress.

c) Accumulation of proline in stress situations has evolved as a means of conserving both 
energy and nitrogen in a readily available form.

d) Metabolically useful role of proline is as a sink for the nitrogenous compounds derived 
from the net loss of protein. Protein synthesis is readily inhibited by water stress, but protein 
hydrolysis is not inhibited and may even be enhanced. Proline can protect enzymes against the 
deleterious effects of biologically toxic compounds such as urea.

In addition to water stress, proline may accumulate in response to other environmental 
stress factors including high and low temperature and salinity (Stewart and Lee, 1974; Stewart 
and Larher, 1980; Paleg and Aspinall, 1981), pathogen infection and mineral deficiency (Stewart 
and Larher, 1980) and heavy metal (Saradhi, 1991; Kastori, Petrovic and Petrovic, 1992; Costa 
and Morel, 1994; Bhattacharyya and Choudhuri, 1994; Schat, Sharma and Vooijs, 1997). These 
รณdies have shown that Cu is the most effective inducer of proline accumulation in plants, while 
Cd is the second effective. However, it is controversial whether proline accumulation results 
from metal-induced water stress or only because of toxic effect of metals.

2.3.5 Chlorophyll content
A number of authors reported the reduction of chlorophyll content by the effect of Cd 

stress (Boonfahprathan, 1983 ;Stobart et al., 1985; Babu and Singh, 1992; Keshan and Mukherji, 
1992; Somashekaraiah, Padmaja and Prasad, 1992; Kalita, Devi and Bhattacharya, 1993; 
Bhattacharyya and Choudhuri, 1994). Cadmium ion inhibits the biosynthesis of chlorophyll by 
reacting with essential thiol groups in both the protochlorophyllide reductase protein and the 
enzymes involved in the light dependent synthesis of 5-aminolaevulinic acid (Stobart et ah,
1985). Another study has shown that Cd: decreases the formation of chlorophyll by interacting 
with sulfhydryl-requiring enzymes like 5-aminolaevulinic acid dehydratase and porphobilinogen 
deaminase leading to the accumulation of intermediates of chlorophyll synthesis like 5-aminolae- 
vulinic acid and porphyrins (Padmaja et ah, 1990 cited in Somashekaraiah et ah, 1992). The 
experiments conducted on light-grown seedlings revealed that not only the inhibition of



chlorophyll synthesis by reaction with constituent biosynthetic enzymes, but the lipoxygenase- 
mediated accumulation of lipid peroxides and the inhibition of free radical scavenging enzymes 
like superoxide dismutase and catalase also caused a pronounced reduction in the chlorophyll 
levels of mung bean (Phaseolus vulgaris) seedlings (Somashekaraiah et ah, 1992).

In contrast, recent study reported the increase in chlorophyll level with increase in 
treatment concentrations of both Hg and Cd in Phaseolus aureus Roxb. at the germination stage. 
Notwithstanding, at the seedling stage the chlorophyll content exhibited only an insignificant 
increase in response to increasing metals concentrations. The increase might be due either to an 
increase in the number of chloroplasts per cell or a decrease in the cells’ volume leading to rising 
of the numbers of cells per unit weight, or both (Shaw, 1995).

2.3.6 Cadmium accumulation
Cadmium accumulation in plant tissue depends on many factors as described in 2.1.

Plant grown by hydroponic technique are capable of accumulating higher level of metal. Of all 
the factors, however, plant species might be predominant. It is evident that each species varies in 
Cd tolerance. The more tolerant ones have more tendency to accumulate the toxic metal though 
some plants can tolerate by excluding it. The accumulations of Cd are summarized in Table 2.1.
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Table 2.1 Cadmium accumulation by different cultivated plants

Species Cd accumulation 
(ppm)

Cd concentration 
in medium (ppm)

Exposure time Conditions
and

References*
Bean (Phaseohis spp) 9-35 (leaf) 0.1-10.0 3 wks 1

1.8-19.0 
0.2-3.0 (seed)

2.5-160
0.1-10

seedling - maturity 
3 wks

5

Beet (B eta  w lg a r is  L.) 280-1,078 (leaf) 0.1-10.0 3 wks 1
0.5-2.5 o.l-l.o 5 wks 2
30-51.8 2.1-5.6 5 months 3

Broccoli (Brassica  

o leracea L.)
1.3-8.8 (leaf) 2.1-5.6 5 months 3

Cabbage (B rassica  

o leracea var. C apita ta L.)
212-822 (leaf) 0.1-10.0 3 wks 1

CûYTOX(Daucus ca ro ta L ) 0.2-2.2 (leaf) 0.01-1.00 5 wks 2
Celery
(A p ium  graveo lens L.)

5.83,14.87(stalk) 
3.77,10.77 (leaf)

2.5,10.0 117 days 4

Lettuce 384-751 (leaf) 0.01-10.00 3 wks 1
(Lactuca  sa tiva L.) 0.3-24.3 0.01-1 5 wks 2

6.0-63.7 2.1-5.6 5 months 3
11.5,27.1 2.5,10.0 37 days 4

(cv. Butter Crunch) 116.8-697.9 100-800 30 days 6
Head lettuce
(Lactuca  sa tiw .s L.)

5.6-41.6 2.1-5.6 5 months 3

Maize (Zea mays L.) 90-234 (leaf) 0.01-10.00 3 wks 1
2.0-19.3 2.1-5.6 5 months 3
11.0-94.0 
0.05-6.60 (grain)

2.5-160 seedling - maturity 5

(cv. Dekalb Paolo) 9.7,21.1 (shoot) 
76.0,113.6 (root)

0.01,0.05 15 days 10
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Table 2.1 (continued)

Species Cd accumulation 
(ppm)

Cd concentration 
in medium

Exposure time Conditions
and

References
Pea (P isu m  sa tivum  cv. 
Argona)

10.1,24.1 (shoot) 
63.8,117.8 (root)

0.01,0.05 15 days 10

24.2- 168.0 (shoot)
271.2- 1,678.5 (root) 
35.0-515.2 (nodule)

0.5-6.0 
( perlite)

4 wks 7

2.8,6.0 (shoot) 
63.6,112.9 (root)

0.5,1.5 
(vermiculite)

3-4 wks 7

Green Pepper 107-578 (leaf) 0.1-10.0 3 wks 1
( Caps icum  fru te sc en s  L.) 3.82-6.28 2.5-10.0 112 days 4
Bell pepper (C. 
annuum  L.) 5.9-26.2 2.1-5.6 5 months 3

Potato
(S o la rium  tube rosum  L.)

2.5-15.6 (leaf) 2.1-5.6 5 months 3

Radish 0.3-144.2 (leaf) 0 .0 1 -1 .0 5 wks 2
(R aphanus  s a t iw s  L.) 4.0-19.6 2.1-5.6 5 months 3

10.20,16.13 (top) 
4.2,5.93 (root)

2.5,10.0 26 days 4

(cv. Cherry Belle) 93.6-595.9 (root) 100-800 30 days 6
Rice (O ry za  s a liv a  L.) 0.1-0.7 (leal) 

0.1-1.1 (grain)
2.5-160 Seedling - 

maturity
5

Soybean
{G lyc in e  m ax  Merr.)

3.7-35.0 (leal) 
3.9-29.0 (grain)

2.5-160 Seedling - 
maturity

5

(cv. mini)
(cv. Richland)

2234,164,17.4' 
2194,78.3,10.4* 
*(root, stem, leal)

44.48 6 days 8
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Table 2.1 (continued)

Species Cd accumulation 
(ppm)

Cd concentration 
in medium

Exposure time Conditions
and

References

Swiss chard
(Beta  v u lg a r is  L.) 
(subsp. C lic a )

0.2-150.0 (leaf) 0.01-1.0 5 wks 2

2.0-37.9 2.1-5.6 5 months 3
Sunflower
(H e lia n th u s  a n n u m  L.)

114.0,2664.4(root)* 
2.7,18.4 (stem)
0.4,1.2 (stem) 
* (p M /1 0 0  gDw)

0.009,88.97 2 days 9

Tomato (Lycospe rs icon 58-1,122 (leaf) 0.1-10.0 3 wks 1
escu lentum  Mill.) 0.3-158.0 0.01-1.00 2 wks 2

5.0-16.5 2.1-5.6 5 months 3
Turnip
(.B rass ica  rap a  L.)

160-469 (leaf) 0.1-10.0 3 wks 1

Wheat 1.2-9.0 (leaf) 2.1-5.6 5 months 3
(T n tic u m  aes livum  L.) 2.2-48.0 

1.5-14.0 (gram)
2.5-160.0 seedling - maturity 5

* 1 nutrient solution (Page, Bingham and Nelson, 1972)
2 Va Hoagland’s solution (Turner, 1973)
3 sludge-treated soil and contaminated soil (Kim et al., 1988)
4 Silty clay loam (Haghiri, 1973)
5 soil-t-sewage sludge+CdSCb (Bingham et a 1., 1975)
6 soil irrigated daily with 250 ml of nutrient solution containing Cd and 100-1000 ppm Pb

(Nwosu, Harding and Linder, 1995)
7 perlite and vermiculite with nutrient solution (Hernandez, Gorate and Carpena-Ruiz,

1995)
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8 modified Hoagland’s solution with Cd(N03)2 (Marchiol et al., 1996)
9 Hoagland’s solution (Kastori, Petrovic and Petrovic, 1992)
10 nutrient solution (Lozano-Rodriguez et al., 1997)

2.4 Phytoremediation ะ an alternative method to ameliorate the Cd-polluted soil
Different decontamination or reclamation procedures have been suggested to minimized 

the metals hazard to plants, animals and humans and to restore the soil fertility for agricultural 
plants. The first method is to reduce bioavailability through addition of a nontoxic compound 
such as lime, iron sulphate, cation exchangers organic matter or clay such as bentonite. The 
second method attempts to dilute the contaminants in the uppermost soil layer by a deep plow 
down to 80 cm. The third method suggests the replacement of the upper soil layer with 
unpolluted soil. Another method is to reduce the metal by elimination. The results of the study in 
the site contaminated from brass foundry in Switzerland by using these methods have shown that 
only the replacement of the highly polluted soil leads to good germination, normal development 
and metal content in plant below the toxicity limits for Cd, Cu and Zn. The other procedures are 
not suitable for this site. Plowing the site distributes the highly contaminated interface-layer into 
the soil and the metals could be mobilized in the future. Decomposition of the contaminated 
organic matter would lead to a decrease of the binding sites and thus lead to a heavy metals 
release. Elimination of the litter leads to some reduction of the metal concentrations, but at the 
same time it may lead to the loss of the topsoil. Addition of the exchange resin reduced cation 
availability can lead to nutrient deficiency (Geiger, Federer and Sticher, 1993). Other method 
such as leaching with acids or chelates may have a risk that the amount of the bioavailable Cd 
may increase even though the total Cd content has decreased (Alloway, 1990).

Driel et al.(1995) investigated the thickness of non-polluted top soil required either to 
comply with the permissible levels for metal concentrations or to exclude any effect on plant 
metal levels. Protection of all food crops tested against exceeding permissible levels for Cd 
requires a clean top soil of over 1.6 m; for vegetable crops ranging from zero (no cover layer 
required for red cabbage, leek, onion and potato) to 1.2-1.6 m for celery tuber and leaf, for maize 
ranging from 0.25-1.20 m, and for wheat straw ranging from 0.55 to 1.60 m.
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The remediation of large volumes of such soil by conventional technologies previously 
developed for small, heavily contaminated sites would be very expensive. It often costs between 
$50 and $500 per ton. Certain specialized techniques can exceed costs of $1000 per ton. 
Recently, phytoremediation has emerged as an alternative to the conventional method. In this 
new approach, plants are used to absorb contaminants from the soil and translocate them to the 
shoot. Pollutants are then removed by harvesting the above ground tissue. The harvested 
biomass could be reduced in volume and/or weight by thermal, microbial, physical, or chemical 
means. This step would decrease handling, processing, and potential subsequent landfilling costs. 
The value of the reclaimed metal may provide an additional incentive for remediation 
(Cunningham and Ow, 1996).

It appears that the genetic potential exists for phytoremediation to be successful. A small 
number of plant species known as hyperaccumulators have been identified that are not only 
capable of growing on soil containing high levels of metals , but also accumulating those 
pollutants to high concentrations in the shoots. The well known species, for instance, is Tlilaspi 
caemlescens J. & c. Presl, a Zn and Cd hyperaccumulator. This plant grown hydroponically 
could accumulate in shoots up to 32,500 mgZn/kgDw and 1,270 mgCd/kgDw from a solution 
containing 10,000 flM Zn and 200 |lM Cd. Concentrations of Zn in harvestable shoots are high 
enough that plant tissue could be treated as a low grade ore. Zinc and Cd could be recycled by 
smelting dried shoots (Brown et al., 1995).

However, low yield and slow growth rate are the two major factors that limit for the 
potential for the phytoremediation of Zn/Cd contaminated soils by successive croppings of T. 
caemlescens. In addition, it is a low-growing plant, which makes any mechanical harvesting 
problematic ( Brown et al. , 1995 ). Recent study has shown that three Brassica spp.-B. juncea, 
(L.)Czern B. napus L. and B. rapa L." are more effective in removing Zn from soil than T. 
caemlescens, whereas Cd removal is comparable for T. caemlescens. This is because the 
Brassica spp. produced more than ten times the shoot biomass produced by T. caemlescens 
(Ebb et al., 1997).
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