
CHAPTER 5

DISCUSSION

5.1 Physiological responses of plants under Stress

5.1 .1  R e la t iv e  W a te r  C o n te n t ( R W C )  and p ro lin e  a c c u m u la tio n

In  th is  s tu d y  the  w a te r  p o te n tia l o f  p la n ts  w a s  n o t  m easu red  because o f  som e p ra c tic a l 

p ro b le m s . Ins te ad , the  R W C  o f  the  p la n ts  w a s  d e te rm in e d  b o th  u n d e r n o rm a l and  stress 

c o n d itio n s . M e e s ilp a  (1 9 9 4 )  p o in te d  o u t  th a t e ith e r  w a te r  p o te n t ia l o r  R W C  m a y  be used  to  

in d ic a te  th e  w a te r  s ta tus  o f  the p lan ts . M in u te  w a te r  stress w as  s h o w n  b y  th e  - 2  to  - 5  bars w a te r  

p o te n t ia l o r  90  to  9 2  %  R W C .  W h i le  the  - 1 2  to  - 1 5  bars w a te r  p o te n t ia l o r  80  to  90  %  R W C  in  

p la n t tissue  in d ic a te d  m o d e ra te  w a te r  d e fic it .  T h e  w a te r  p o te n tia l - 1 5  bars o r  lesse r o r  R W C  less 

th a n  80  %  re ve a le d  seve re  stress. H o w e v e r , w i l t in g  leaves w o u ld  n o t  be ob se rve d  as lo n g  as the  

p la n ts  m a in ta in e d  th e ir  R W C  o v e r  83 %  . T h e  R W C s  ra n g in g  f r o m  8 4 .1 5  to  9 5 .5 5  %  w e re  fo u n d  

in  m u lb e rr ie s  re c e ive d  re g u la r  ir r ig a t io n , w h e re a s  a l l  c o n tro l p la n ts  in  th is  s tu d y  had  m o re  th a n  88 

%  R W C . T h is  m ig h t be due to  the  h y d ro p o n ic a lly  g ro w in g  c o n d it io n . R e s p o n d in g  to  th e  C d  

stress, R W C  o f  the p la n ts  w e re  reduced. T h is  re d u c tio n  w a s  m a rk e d ly  o b se rved  in  the  2 0  p p m  C d 

tre a tm e n t, b u t the  m in im u m  v a lu e  w as  n e v e r lo w e r  th a n  60  % . I t  is  p o ss ib le  to  g e n e ra liz e d  th a t 

decreas ing  R W C  re su lte d  f ro m  the  re d u c tio n  o f  w a te r  p o te n tia l o f  g ro w in g  m e d ia  in  w h ic h  the  

so lu te  w a s  added. H o w e v e r , o n ly  h a lf-s tre n g th  H o a g la n d ’ s s o lu t io n  w a s  used  in  th is  s tu d y . T h e  

change in  o s m o la r ity  o f  the  s o lu t io n  m ig h t h a ve  less e ffe c t o n  p la n t  w a te r  s ta tus  com p a red  to  

p la n ts  g ro w in g  in  f u l l  s tre n g th  s o lu t io n . O n  the  c o n tra ry , the s y m p to m s  o f  th e  p la n ts  o b se rved  

d u r in g  p re lim in a ry  e x p e r im e n t have  c le a r ly  s h o w n  th a t p la n ts  s u ffe re d  th e  C d  stress w h e n  

g ro w in g  in  h a l f  s tre n g th  s o lu t io n  ra th e r th a n  th e  f u l l  s tre n g th  one . S tu d y  w i th  s o lu t io n  c u ltu re s , in  

w h ic h  w a te r  a b i l i ty  w a s  n o t  l im it in g ,  sh o w e d  th a t d iso rd e rs  in  th e  w a te r  s ta tus  o f  C d  tre a te d  p la n ts  

does n o t  depend on  the  w a te r  c o n te n t o f  the  sub stra te  and th a t p la n t  fa c to rs  p la y  an  im p o r ta n t  ro le  

(M a rc h io l e t a l., 1996). L e ttu c e  exposed to  0 , 0 .0 1 , 0 .1 , 1 and  100 |J,M  C d  fo r  n in e  days sh o w e d  a 

s tro n g ly  decrease in  R W C  w ith  h ig h  C d  c o n c e n tra tio n s . In  sp ite  o f  h ig h e r  s to m a ta l res is ta nce ,
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C d  trea ted  p la n ts  had  lo w e r  w a te r  c o n te n t th a n  c o n tro l p la n ts . T h is  in d ic a te d  the  decrease in  

w a te r  f lu x  to  the  leaves (C o s ta  and  M o re l,  1 99 4 ). K a s to r i,  P e tro v ic  and  P e tro v ic  (1 9 9 2 )  a lso  

in d ic a te d  th a t h e a v y  m e ta ls  a ffe c t r o o t  g ro w th , d ecre as ing  th e  fo rm a t io n  o f  r o o t  h a irs  and cau s ing  

s tru c tu ra l changes w h ic h  lead  to  inc reased  res is ta nce  to  w a te r  f lo w  in to  and w i th in  roo ts .

P ro lin e  is  a c c um u la ted  b y  m a n y  p la n ts  u n d e r v a r io u s  stresses in c lu d in g  h e a v y  m e ta l 

stress. T h e  re la t io n s h ip  b e tw e e n  w a te r  d e f ic i t  s tress and p ro lin e  a c c u m u la tio n  has been 

e x te n s iv e ly  รณ d ied  and w e l l  d ocu m en ted . In  c o n tra s t, the  e ffe c t o f  h e a v y  m e ta ls  o n  the  

a c c u m u la tio n  o f  p ro lin e  is  less c lea r. N it ra te  sa lts  o f  C d , C o , Z n  and Pb  ra ise d  p ro lin e  c o n te n t in  

seed ling s o f  C a ja n u s  c a ju n , V ig na  m ungo  and w h e a t. I t  w as  fo u n d  th a t c o n s id e rab le  and 

p ro p o rt io n a te  increase in  p ro lin e  c o n te n t rose  w i th  the  c o n c e n tra tio n  o f  h e a v y  m e ta ls . T h e re fo re , 

p ro lin e  a c c u m u la tio n  c o u ld  be used  as a m a rk e r  to  te s t the  le v e l o f  h e a v y  m e ta l p o llu t io n ,  and th is  

a c c u m u la tio n  w as n o t re la te d  to  o s m o tic  a d ju s tm e n t (S a ra d h i, 19 9 1 ). T w e n ty  f iv e  days o ld  

s u n f lo w e r  p la n ts  exposed to  1 and 100 f lM  Pb , C d , C u  o r  Z n  fo r  fo r ty  e ig h t h o u rs  and le a f  d iscs 

incu b a ted  in  these m e ta l s o lu t io n s  p lu s  0 .5  %  g lu c o se  fo r  tw e lv e  h o u rs  show ed  s ig n if ic a n t 

increase  in  p ro lin e  c on ten t. T h e  a u th o r  c o n c lu d e d  th a t  th e re  w a s  an  in te ra c tio n  b e tw e e n  w a te r  

stress and h e a vy  m e ta l to x ic ity .  H o w e v e r ,  the  inc re ased  p ro lin e  c o n c e n tra tio n  in  le a f  d iscs 

incu b a ted  in  h e a v y  m e ta l s o lu t io n s  sh o w e d  th a t p ro lin e  c o n c e n tra tio n  w a s  increased  w i th  the  

presence o f  h e a v y  m e ta ls  even in  t o l ly  to rg id  p la n t ce lls . T h u s , the  e ffe c t o f  h e a v y  m e ta ls  on  

p ro lin e  c o n te n t m o s t p ro b a b ly  d id  n o t depend  o n  th e ir  e ffe c t o n  w a te r  re la t io n s  (K a s to r i e t a l., 

1992).

In  con tras t, C osta  and M o re l (1 9 9 4 )  re p o rte d  the  c o n tra ry  re su lts  f r o m  the  C d -trea ted  

le ttuce . A c c u m u la t io n  o f  a m in o  acid  w a s  re la te d  to  a change in  le a f  w a te r  sta tos. A m in o  acid  

m e ta b o lis m  rose in  b o th  ro o ts  and shoo ts. T h e  a c c u m u la tio n  in  ro o t  m a y  re s u lt f ro m  a m in o  ac id  

tra n s p o rt f ro m  leaves a n d /o r de no  VO s yn th e s is . P ro lin e  w as  n o t a c c u m u la te d  in  leaves b u t o n ly  

in  ro o ts , w he re as  asparag ine, m e th io n in e  and  ly s in e  p re d o m in a te d . T h e  a u th o rs  suggested th a t C d  

d id  n o t a ffe c t p ro lin e  syn th e s is  b u t m o re  p ro b a b ly  in h ib ite d  p ro lin e  o x id a t io n . R e c e n t รณ d y 

in ve s tig a te d  the  e ffe c t o f  C u , C d  and Z n  o n  the  a c c u m u la tio n  o f  fre e  p ro lin e  in  n o n to le ra n t and 

m e ta l- to le ra n t S ile n e  vu lg a r is . In  the  n o n to le ra n t eco typ e  these m e ta ls  ind uc ed  a m a ss ive
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a c c u m u la tio n  o f  p ro lin e , e s p e c ia lly  in  th e  leaves. H o w e v e r , in  m e ta l- to le ra n t eco type th e  p ro lin e  

c o n c e n tra tio n  in  the  leaves o f  c o n tro l p la n ts  w a s  5 to  6 t im e s  h ig h e r  th a n  in  th e  n o n to le ra n t 

eco typ e . T h e  p ro lin e  in  th e  ro o ts  w a s  a b o u t the  h a l f  o f  th a t  in  leave s , and  h a rd ly  a c c um u la ted  

u n d e r m e ta l stress. In c re a s in g  the  re la t iv e  h u m id ity  b y  p la c in g  the  p la n ts  u n d e r tra n s p a re n t 

p o ly e th y le n e  ra ised  the  le a f  w a te r  c o n te n t and  g re a tly  reduced  m e ta l- in d u c e d  p ro lin e  

a c c u m u la tio n  in  the  n o n to le ra n t eco type. I t  a lso  reduced  m e ta l a c c u m u la tio n  in  th e  leave s , b u t 

p ro lin e  a c c u m u la tio n  w a s  absen t o r  s tro n g ly  red uced  e ve n  a t m e ta l a c c u m u la tio n  ra tes  th a t w e re  

assoc ia ted  w ith  a 1 0 -fo ld  increase  o f  p ro lin e  in  u n c o ve re d  c o n tro l p la n ts . A lth o u g h  in  th is  98  %  

re la t iv e  h u m id ity  e x p e r im e n t, p la n ts  w e re  exposed  to  30 , 60  and  120  f lM  C d  com p ared  to  3 .75 , 

7 .5  and 15 |J.M  C d  o f  the  75 %  re la t iv e  h u m id ity  tre a tm e n t. F o r  these reasons the  au th o rs  

c o n c lud ed  th a t p ro lin e  a c c u m u la tio n  u n d e r h e a v y  m e ta l e xp osu re  w a s  in d u c e d  b y  a m e ta l-  

im p o se d  w a te r  d e f ic i t  stress ra th e r th a n  b y  a to x ic  h e a v y  m e ta l a c c u m u la tio n  (S c h a t, S h a rm a  and 

V o o i js ,  1997).

In  th is  s tu d y  the  p la n t a lso  sh o w e d  the  m a rke d  increase  in  p ro lin e  le v e l,  e sp e c ia lly  in  the  

2 0  p p m  C d  tre a tm e n t. H o w e v e r , I . a q iia t ic a  sh o u ld  be e xc lu d e d  f r o m  th e  o th e r species w h e n  

c o n s id e rin g  the  p ro lin e  a c c u m u la tio n . T h is  is because th is  p la n t sh o w e d  in s e n s it iv e  response 

e ve n  u n d e r seve re  C d  stress. F u rth e rm o re , decreased R W C  b y  C d  stress ra ise d  p ro lin e  le v e l in  

the  sam e p ro p o rt io n  as the  p la n t faced w a te r  d e f ic i t  stress. T h e  a c c u m u la tio n  o f  p ro lin e  fo r  

I. a q ua tic a  u n d e r C d  stress is  a lm o s t o r  e n t ire ly  caused b y  th e  re d u c tio n  o f  R W C ,  n o t  b y  the  

e ffe c t o f  m e ta l a c c u m u la tio n . I t  m a y  be assum ed th a t th is  p la n t h a rd ly  responds th e  w a te r  stress 

b y  a c c u m u la tin g  p ro lin e . P ro lin e  a c c u m u la tio n  is  n o t  detec ted  in  som e d ro u g h t- to le ra n t species 

o f  b ry o p h y te s , lic h e n s , p te rid o p h y te s  and f lo w e r in g  p la n ts  w h e n  sub jec ted  to  seve re  w a te r  stress. 

T h e re fo re , p ro lin e  a c c u m u la tio n  c an no t be regarded  as an  u n iv e rs a l response in  w a te r-s tre sse d  

p la n ts  (B o o n k e rd , 1987). c . b a rb a ta , u n d e r m e ta l stress, d id  n o t  s h o w  s ig n if ic a n t c o rre la t io n  

b e tw e e n  R W C  and p ro lin e . T h is  p la n t sh o w e d  re la t iv e ly  h ig h  R W C  th ro u g h o u t the  e x p e r im e n t 

a lth o u g h  the  w i l t in g  leaves w a s  c le a r ly  ob served . H o w e v e r , th e re  w a s  a s tro n g  c o rre la t io n  

b e tw e e n  R W C  and  p ro lin e  le v e l w h e n  the w a te r  stress had  deve lop ed .
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S ig n if ic a n t  c o rre la t io n  b e tw e e n  R W C  and p ro lin e  c o n te n t u n d e r w a te r  stress w a s  a lso  

ap p a re n t in  B. o le ra c e a  and  E . p ro s tra ta .  F u r th e rm o re , the  R W C  and  p ro lin e  c o n te n t o f  th e  p lan ts  

exp osed  to  h ig h  C d  c o n c e n tra tio n  had  s tro n g  re la tio n s h ip . W h i le  C d  c o n te n t and  p ro lin e  

a c c u m u la tio n  in  the  sam e leave s  d id  n o t  s h o w  s ig n if ic a n t c o rre la t io n (A p p e n d ix  D ) .  The se  

f in d in g s  m a y  lead  to  the  c o n c lu s io n  th a t p ro lin e  a c c u m u la tio n  is  tr ig g e re d  b y  the  m e ta l- in d u c e d  

w a te r  stress, n o t  b y  the  m e ta l a c c u m u la tio n  in  the  leaves. H o w e v e r , w h e n  c o n s id e rin g  the  R W C  

w h ic h  c o n tr ib u te d  to  th e  a c c u m u la tio n  o f  p ro lin e  f ro m  the  w a te r  stressed p la n ts  i t  is  o b v io u s  th a t 

p ro lin e  is ra th e r in s e n s it iv e  to  w a te r  stress. M a rk e d  increased  in  p ro lin e  w a s  soared  up  o n ly  w h e n  

p la n ts  s u ffe re d  the  seve re  w a te r  stress. I t  has been suggested th a t p ro lin e  a c c u m u la tio n  is 

re la t iv e ly  in s e n s it iv e  to  w a te r  d e fic it .  S o rg h u m  and soyb ean  d id  n o t a c c u m u la te  p ro lin e  u n t i l  th e y  

w e re  s e v e re ly  d eh yd ra te d  to  the  p o in t  o f  v is ib le  w i l t in g ,  a t a w a te r  p o te n tia l o f  a b o u t - 2 0  bars 

( L e v it t ,  1980; P a le g  and A s p in a ll,  19 8 1 ). E x te n s iv e  a c c u m u la tio n  o f  p ro lin e  o v e r  th e  le v e l 

ind uc ed  b y  the  w a te r  stress w a s  m a n ife s t in  B. o le ra c e a  and c . b a rb a ta  a t d a y  8 o f  2 0  p p m  

tre a tm e n t and E. p ro s tra ta  a f te r  tra n s fe r  to  n o rm a l n u tr ie n t s o lu t io n  fo r  b o th  tre a tm e n t. T h is  

m ig h t be the  re s u lt  o f  an  increase  in  C d  c o n te n t in  the  leaves to  th e  e x te n t th a t i t  m a y  cause 

p ro lin e  a c c u m u la tio n . T h is  f in d in g  is  c o n s is te n t w ith  the  s tro n g  c o rre la t io n  b e tw e e n  s h o o t C d 

c o n te n t and p ro lin e  ra th e r th a n  R W C .

H o w e v e r , i f  the  s h o o t m e ta l c o n te n t is  a m a jo r  c o n tr ib u tio n  to  p ro lin e  a c c u m u la tio n , one  

sh o u ld  de tec t h ig h  p ro lin e  le v e l in  5 pp m  tre a tm e n t sam p les instead . T h e re fo re , i t  m ig h t com e to  

the  c o n c lu s io n  th a t m e ta l- in d u c e d  w a te r  stress is the  m a in  cause o f  p ro lin e  a c c u m u la tio n . M e ta l 

i t s e l f  w h e n  a c c um u la ted  to  a g rea t e x te n t m a y  lead  to  p ro lm e  b u ild u p . O nce these tw o  fa c to rs  

c o in c id e , the p ro lin e  a c c u m u la tio n  d oub le s , b u t the  f ir s t  fa c to r p re v a ils  o v e r  the  la tte r.

T h e  s tro n g  c o rre la t io n  b e tw e e n  ro o t C d  c o n te n t and p ro lin e  o r  R W C  m a y  re f le c t the fa c t 

th a t w a te r  f lu x  is im p ed ed  w h e n  ro o ts  a c c u m u la te  to x ic  m e ta l to  som e e x te n t and  th is  leads to  

p ro lm e  a c c u m u la tio n . A f te r  e l im in a t io n  o f  C d  in  c u ltu re  s o lu t io n , n e w  ro o ts  d eve lop ed , and 

p la n ts  reg a in ed  h ig h  R W C . S lig h t  p ro lin e  e n h a n c e m e n t com p ared  w i th  c o n tro ls  is  due  o n ly  to  the  

e ffe c t o f  C d  c o n te n t in  leaves. A c c o rd in g  to  S c h a t e t a l. (1 9 9 7 ), the  th re s h o ld  exp o su re  le v e ls  fo r  

p ro lin e  a c c u m u la tio n  c o in c id e d  w ith  the  h ig h e s t n o -e ffe c t-c o n c e n tra tio n s  fo r  ro o t  g ro w th . T h is
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w a s  n o t e v id e n t p a r t ic u la r ly  in  th e  case o f  c. b a rb a ta  exp e rienced  5 p p m  t re a tm e n t T h e  severe  

ro o t dam age w as  c le a r ly  ob served , b u t n o  m a rk e d  increase in  p ro lin e  c o n te n t w a s  detected.

5 .1 .2  C h lo ro p h y ll con ten ts

M o s t  o f  the  p la n ts  sub je c ted  to  C d  stress had  lo w e r  c h lo ro p h y ll con ten ts . T h e se  con ten ts  

reached the  lo w e s t p o in t  a f te r  th e  p la n ts  re sp o n d in g  to  the  stress fo r  a lo n g  t im e  e ve n  w h e n  C d  in  

s o lu t io n  w a s  re m o v e d . H o w e v e r ,  I. a q u a tic a  d id  n o t behave l ik e  o th e r species. T h e  decrease o f  

c h lo ro p h y ll con ten ts  w e re  m a x im u m  a t the  la s t d a y  o f  C d  exp osure  (2 0  and 8 days o f  exp osu re  to  

5 and 2 0  p p m  tre a tm e n t, re s p e c tiv e ly ) . In  a d d itio n , c. b a rb a ta  a t d a y  8 sh o w e d  s im ila r  re s u lt. 

T h is  is because the  senescent leaves w e re  in c lu d e d  w h ile  d e te rm in in g  th e  c h lo ro p h y ll con ten ts . I. 

aq ua tic a  w a s  the  m o s t susc ep tib le  species u n d e r C d  stress. Its  leaves tu rn e d  y e l lo w  and dropped , 

re m a in in g  fe w  u n h e a lth y  leave s  nea r the  t ip , w h e re a s  c. b a rb a ta ’ร leave s d ied  d o w n w a rd  f ro m  

the t ip  o f  le a f  b lade, and  im m a tu re d  leave s w e re  a lso  d ied  a fte r  th is  p la n t sub jec ted  to  seve re  C d  

stress.

C h lo ro p h y ll c o n te n ts  re d u c tio n  m a y  be d e riv e d  f ro m  C d  w h ic h  had been ap p lie d  b y  

n u m e ro u s  w a y s . T h re e  days o ld  seed ling s  o f  T r it ic u m  aes tivum  g e rm in a te d  f r o m  the  seeds w h ic h  

had been soaked in  C d C lj s o lu t io n  fo r  tw e lv e  h o u rs  sh ow ed  a re d u c tio n  in  c h lo ro p h y ll a and b 

con ten ts  (K a lita ,  D e v i and  B h a tta c h a ry y a , 1 9 9 3 ). S ee d lin g s  o f  V ig ua  c a t ja n g  and  tw ig s  o f  the  

aq ua tic  p la n t H y d r i l la  v e r t ic i l la ta  trea ted  w i th  10 | i M  C d  fo r  s ix  days decreased the  c h lo ro p h y ll a, 

b and to ta l c h lo ro p h y ll c o n ten ts . H o w e v e r , the  c h lo ro p h y ll a ft) ra t io  sh o w e d  s lig h t  inc rease  b y  the 

m e ta l tre a tm e n ts . T h e  a u th o rs  suggested th a t C d  in h ib ite d  c h lo ro p h y ll b io s y n th e s is  a t the  

p ro to c h lo ro p h y llid e  stage b y  in te rfe re n c e  w ith  the  e n zy m e  p ro to c h lo ro p h y llid e  reductase.

In  a d d itio n , c h lo ro p h y ll le v e l m ig h t a lso  be decreased by e n z y m a tic  d e g ra d a tio n  (B h a tta c h a ry y a  

and C h o u d h u r i,  1994). M o re o v e r ,  tw e n ty  one  d ays  o ld  V igua  ra d ia ta  sp raye d  w i th  40 , 60 , 80  and 

100 ( iM  C d S 0 4 once a w e e k  u n t i l  g ra in  f i l l in g  w a s  com p le te  decreased b o th  c h lo ro p h y ll a and b 

con ten ts  w ith  in c re a s in g  c o n c e n tra tio n s . W h i le  c h lo ro p h y lla s e  a c t iv i ty  sh o w e d  an in c re a s in g  

trend  (K e sh a n  and M u k h e r j i ,  199 2 ).
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B o o n fa h p ra th a n  (1 9 8 3 )  fo u n d  the  re d u c tio n  in  c h lo ro p h y ll c o n te n t in  B ra s s ic a  ch inens is  

and  r ic e  ( O ry z a  s a t iv a  L . )  exposed  to  v a r io u s  C d  c o n c e n tra tio n  fo r  n in e  and f i f te e n  days. A c t iv e  

and  to ta l i r o n  re d u c tio n  w a s  a lso  detected in  B. ch inens is . C a d m iu m  im p e d e d  th e  F e  u p ta k e  and 

tra n s lo c a tio n  b y  in h ib it in g  ro o t  g ro w th . In  con tras t, a t the  4 0  p p m  tre a tm e n t fo r  r ic e , a c tiv e  and 

to ta l i r o n  inc reased . T h e re fo re , the c h lo ro s is  d id  n o t  re s u lt  f r o m  F e  d e fic ie n c y , b u t f r o m  Fe  

to x ic ity .  T h e  s y m p to m  o f  c h lo ro s is  w a s  in d ire c t ly  caused b y  m e ta l- in d u c e d  c h a n g in g  in  F e  sta tes 

ra th e r th a n  m e ta l its e lf .

In  c o n tra s t, S h a w  (1 9 9 5 ) rep orted  an  increase  in  c h lo ro p h y ll c o n te n ts  u n d e r C d  stress. 

T h is  inc rease  m ig h t  be due to  an increase in  the  n u m b e r o f  c h lo ro p la s ts  p e r c e ll a n d /o r  a decrease 

in  the  c e lls ’ v o lu m e  le a d in g  to  increase in  the  n u m b e r o f  c e lls  p e r u n i t  w e ig h t.  H o w e v e r ,  th e re  

w e re  a decrease c h lo ro p h y ll a to  c h lo ro p h y ll b ra t io  re su lte d  f r o m  the  d e s tru c tio n  o f  c h lo ro p h y ll,  

p re fe ra b le  o f  c h lo ro p h y ll a, as a re s u lt o f  th e ir  re a c tio n  w i th  s in g le t o x y g e n  w h ic h  is  p rod uced  

w h e n  the  accep to r s ide o f  P S I I  is  in h ib ite d .

B. o le ra c e a  leave s d id  n o t  s h o w  a n y  s ym p to m s  o f  c h lo ro s is  u n t i l  th is  p la n t  w a s  

tra n s fe rre d  to  n o rm a l n u tr ie n t  s o lu t io n  and the  n e w  leaves d eve lop ed . In  fa c t, the  p la n t had  d a rk  

g re y is h  g reen  - m e ta l l ic  l ik e  c o lo r -w h e n  the stress proceeded. E. p ro s tr a ta 's  leave s  a t the  8th d a y  

tre a tm e n t a lso  had  d a rk  g reen  appearance. F ro m  o b s e rv a tio n  these sam p les  w e re  m o re  l ik e ly  to  

have  m o re  c h lo ro p h y ll con ten ts  com pared  w i th  c o n tro ls . In  a d d itio n , h ig h e r  c h lo ro p h y ll co n te n ts  

m ig h t h a ve  been detec ted  f ro m  the  m e ta l stressed p lan ts  w h ic h  had lo w e r  R W C  because m o re  

p la n t tissues w e re  o b ta in e d  w h e n  the d e te rm in a tio n  w a s  based o n  the  w e ig h t u n it ,  l ik e  the  

e x p e r im e n t cond uc ted  b y  S h a w  (1 9 9 5 ). H o w e v e r , the  increase w a s  n o t detec ted . T h is  m a y  be 

due to  the  lo w e r  w a te r  c o n te n t in  the sam ples im p ed ed  the  c h lo ro p h y ll e x tra c tio n  b y  the  m e th o d  

described  in  C h a p te r 3. T h e  f lu c tu a t io n  o f  c h lo ro p h y ll con ten ts  in  c. b a rb a ta  w a s  a lso  due to  

p ra c tic a l p ro b le m  w ith  the  e x tra c tio n , c . b a rb a ta ' ร leaves w ith  in c re a s in g  age have  th ic k  and 

la rge m id r ib  w h ic h  w e re  d i f f ic u l t  fo r  c h lo ro p h y ll e x tra c tio n . N e v e rth e le s s , E . p ro s tra ta  a t the  1 1th 

d a y  o f  5 p p m  tre a tm e n t had  sy m p to m  o f  c h lo ro s is  ob served  in  the  n e w  leave s and ne c ro s is  

d e ve lo p e d  f ro m  the  lo w e r  leaves. The se  s y m p to m s  proceeded  to  the  end  o f  the  tre a tm e n t. The se  

sam p les sh o w e d  d is t in c t d iffe re n c e  in  c h lo ro p h y ll con ten ts  f ro m  the  c o n tro ls .
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T h e re  is  a c o rre la t io n  b e tw e e n  s h o o t C d  and c h lo ro p h y ll a and a+b con ten ts . T h is  is  

o b v io u s  in  B. o le ra c e a  and  E . p ro s tra ta  w h ic h  have  h ig h  C d  c on ten ts  in  leave s  to g e th e r w i th  the  

s y m p to m  o f  c h lo ro s is . T o  s u m  up , le a f  C d  c o n te n t o th e r  th a n  R W C  d e te rm in e s  the  fa te  o f  

c h lo ro p h y ll.

5 .1 .3  T h e  g ro w th  o f  p la n ts

The  n u m b e r o f  leaves

T h e  n u m b e r o f  leave s o f  c o n tro l p la n ts  inc reased  w ith  t im e  and  reached  a m a x im u m  

w h e n  the  p la n t aged. T h is  is  because senescense p re v a ils  o v e r the  d e v e lo p m e n t o f  n e w  leaves. 

P la n ts  exposed  to  to x ic  C d  had  lo w e r  n u m b e r o f  leave s b o th  b y  l im it in g  d e v e lo p m e n t o f  n e w  

leaves and cau s ing  senescence o f  the  o ld  ones. T h e se  e ffe c ts  w e re  e v id e n t in  th e  2 0  p p m  

tre a tm e n t. D ecrease in  the  n u m b e r o f  leaves m a y  be due to  the  m e ta l b u rd e n  in  the  leaves 

to g e th e r w i th  w a te r  d e f ic i t  s tress ind uc ed  b y  the  m e ta l. H a v in g  b een tra n s fe rre d  to  n o rm a l 

n u tr ie n t s o lu t io n , p la n ts  re g a in e d  h ig h  R W C ,  and n e w  leaves d eve lop ed , c . b a rb a ta  w h ic h  

a c c um u la ted  m o s t o f  the  C d  a t lo w e r  leaves c o u ld  re c o v e r and p rod uce  n e w  leave s ra p id ly .

E. p ro s tra ta  w h ic h  had  m o re  a b il i ty  to  tra n s lo c a te  C d  to  shoo ts  s u ffe re d  the  m e ta l stress. L ik e  

E. p ro s tr a ta , /. a q ua tic a  c o u ld  tra n s lo c a te  C d  to  the  up p er p a rt, b u t th is  p la n t p rod uc ed  n e w  

leaves and g re w  ra p id ly . T h is  is  because the  p la n t a lle v ia te s  the  stress b y  b ra n c h in g  n e w  shoo ts  

at the fu s t  node f ro m  the  ro o t and the m a in  s h o o t g ra d u a lly  d ied  f ro m  lo w e r  p a rt to w a rd  the  tip . 

H o w e v e r , th is  w a s  n o t ob se rved  in  the  20  p p m  tre a tm e n t a t w h ic h  the  p la n t s u ffe re d  seve re  stress.

L e a f  a re a

L e a f  area is  re la te d  to  the  n u m b e r o f  leaves. H o w e v e r, in te n se  re d u c tio n  o f  le a f  area 

u n d e r C d  stress w a s  o b v io u s . T h is  is  because le a f  area is m o re  a ffe c te d  b y  dec re as ing  R W C .

T h is  is  e v id e n t w h e n  p la n ts  fa c in g  w a te r  d e f ic i t  s tress (S a ra d a d e v i, P adm asree  and R a g h a ve n d ra , 

1996). I t  is  an ad ap tive  m e c h a n is m  o f  p la n ts  u n d e r such stress (M e e s ilp a , 1 9 9 4 ). W i l t in g  le a ve s  

o f  a l l  p la n t species w a s  o b se rved  e s p e c ia lly  a t 2 0  p p m  tre a tm e n t, c . b a rb a ta  fo ld e d  its  leave s to
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m in im iz e  w a te r  loss  and  the  g ro w th  o f  n e w  leave s  w a s  s e v e re ly  in h ib ite d . B. o le ra c e a  c ove red  its  

le a ve s  w i th  s ilv e r  p o w d e r- lik e  substance. H a v in g  been tra n s fe rre d  to  n o rm a l n u tr ie n t  s o lu t io n , the 

p la n ts  d e ve lo p e d  n e w  ro o ts , and  increased  le a f  area. M a rk e d  e x p a n s io n  and e x te n s io n  o f  the  le a f  

b lad e  o f  c . b a rb o ta  w e re  ob served . T h is  m a y  be due to  the  lo n g e r l i f e  span o f  c . b a rb o ta , w h ile  

o th e r  species w e re  n e a r ly  f u l l y  m a tu re .

R o o t to  S h o o t R a t io

S tu d y  o n  b irc h  (B e tu la  p e n d u la )  exp osed  to  0 and 2 | i M  C d C l2 fo r  s ix  days  re ve a le d  th a t 

r o o t  to  s h o o t d ry  w e ig h t  ra t io  w a s  increased . T h is  in d ic a te s  a change in  b io m a ss  d is tr ib u t io n  

b e tw e e n  ro o ts  and shoo ts. A  reduced  l i fe  s p a n o f the  ro o ts , due to  exp osu re  to  to x ic  m e ta ls , m a y  

ac t to  inc rease  the a llo c a t io n  o f  ca rb o hyd ra tes  to  the  ro o t  sys te m  w h ic h , in  tu rn , e v e n tu a lly  m a y  

red uce s h o o t g ro w th  (G ussa rsson  e t a l., 199 6).

T h e  increase  in  ro o t  to  s h o o t ra t io  o f  p la n ts  u n d e r d ro u g h t s tress w a s  ob served . S h o o t 

g ro w th  is d ra m a t ic a lly  reduced  ra th e r th a n  ro o t  g ro w th  (M e e s ilp a , 19 9 4 ). L o w e r  le a f  area reduces 

the  use o f  p h o to syn th a te s . C o n s e q u e n tly , th e y  are tra n s lo c a te d  to  ro o t,  th e re b y  e n c o u ra g in g  ro o t 

g ro w th  (T a iz  and  Z e ig e r, 1991).

Inc re ased  ro o t  to  s h o o t ra t io  w a s  a lso  ob served  in  I. a q u a tic a  and  B. o le ra c e a  u n d e r C d 

stress. T h e  h ig h e s t ra t io  w a s  ob ta in e d  f ro m  the  d a y  8 sam ples. T h is  in d ic a te s  a m a x im u m  shoo t 

g ro w th  in h ib it io n  w h e n  p la n ts  exposed  to  h ig h  c o n c e n tra tio n  o f  C d  fo r  a m a x im u m  p e riod .

In  c o n tra s t, w eeds show ed  c o n tra ry  re su lts  u n d e r m e ta l stress. L o w e s t  ro o t to  sh o o t 

ra tio s  w e re  fo u n d  fo r  the  lo n g e s t exp osure  t im e  (a t d ay 2 0  and d a y  8 fo r  5 and 20  p p m  C d  

tre a tm e n t). T h is  re ve a ls  severe  in h ib it io n  o f  ro o t  ra th e r th a n  s h o o t g ro w th . A s  fo r  the  c o n tro l 

p lan ts , h ig h  ro o t  to  s h o o t ra tio s  w e re  ob served . A  ro o t sys tem  th a t fd ls  m o re  o f  the  s o il v o lu m e  o r 

is la rg e  re la t iv e  to  the  s h o o t can be im p o r ta n t in  m a in ta in in g  le a f  w a te r  sta tus (M e e s ilp a , 1994).
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5 .1 .4  C a d m iu m  a c c u m u la tio n

C ad m ium  a c cu m u la tio n  in  ro o t

A  n u m b e r o f  au th o rs  re p o rte d  th a t m o s t o f  the  C d  absorbed  b y  th e  tre a te d  p la n ts  w a s  

re ta in e d  in  th e  r o o t  sys te m  (C o s ta  and M o re l,  1994 ; G ussa rsson  e t a l, 1 9 9 6 ; M a rc h io l e t a l.,

19 9 6 ). C a ta ld o , G o d b o ld  and w ild u n g  (1 9 8 3 )  s ta ted  th a t a t c o n c e n tra tio n  m o re  th a n  0 .5  |J,M  C d  

(th e  c o n c e n tra tio n  used  in  th is  s tu d y  w a s  4 4 .5  and 177 .9  |J,M  o r  5 and  2 0  p p m  C d , re s p e c tiv e ly ), 

p ass ive  p rocesses in c lu d in g  a d so rp tio n  and  d if fu s io n  began to  p re d o m in a te . T h a t  is , h ig h e r 

c o n c e n tra tio n  (> 0 .5  | l M  C d ) re su lte d  in  a m a rk e d  inc rease  in  the  p ro p o r t io n  o f  C d  ir re v e rs ib ly  

b o u n d  to  c e ll w a l l  com p ared  w i th  the  m e ta b o lic a lly  absorbed fra c t io n . T h e  use  o f  90  (J.M C d  w ith  

e xc ised  ro o ts  m a y  have  re su lte d  in  a d is ru p tio n  o f  m e ta b o lic  p rocesses due to  C d  to x ic ity .

I t  is  th o u g h t th a t the  d iv a le n t io n s  are ta ke n  u p  b y  a c o m m o n  u p ta k e  sy s te m  and  th is  

sys te m  is  n o t  re sp o n s ive  to  io n  in f lu x  o r  n e t u p ta k e , u n lik e  o th e r  u p ta k e  sys te m s  such  as 

p hosp ha te , su lp h a te  and n itra te  w h e re  c a rr ie r  s yn th e s is  is  u n d e r the  c o n tro l o f  feed b ack 

m e c h a n ism s  (M e h a rg , 1993).

T h is  s tu d y  re ve a ls  th a t p la n t ro o t  c o u ld  absorbed C d  to  a g re a t e x te n t w i th in  tw o  days. 

H a r t  e t a l. (1 9 9 8 ) rep o rted  th a t u n id ire c t io n a l C d : in f lu x  in to  the  w h e a t ro o t  s y m p la s t occ u rred  

fo r  a t le a s t 75 m in u te s . T h e  ra te  o f  a c c u m u la tio n  began to  d e c lin e  a fte r  tw o  to  fo u r  h o u rs  o f  

up take . In  th is  s tu d y  the  h ig h e s t v a lu e  w a s  o b ta in e d  fro m  sam p les  a t th e  f in a l  d a y  o f  exposure . 

T h e  p la n t ro o t  w e re  s e ve re ly  dam age, excep t B. o le ra c e a  w h ic h  w a s  capab le  o f  d e v e lo p in g  n e w  

ro o ts  a fte r  re m o v a l o f  C d. A t  th is  stage, E. p ro s tra ta  had a t leas t 5 0  %  o f  ro t te n  ro o t, b u t th e n  

these p la n t c o u ld  a lso  p roduced  n e w  ro o t f ro m  the  l iv in g  p o rtio n . A l l  spec ies in te n s e ly  p roduced  

n e w  ro o ts  f ro m  the  up p er p a rt o f  s tem  ad jac en t to  the  o ld  ro o ts  w h e n  tra n s fe rre d  to  n e w  C d -ffe e  

c u ltu re  s o lu t io n . H o w e v e r , m a x im u m  m e ta l lo a d in g  cap a c ity  o f  p la n t ro o ts  is  n o t k n o w n .
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A f t e r  the  p la n ts  had  been  tra n s fe rre d  to  n o rm a l n u tr ie n t  s o lu t io n , the  ro o t  C d  c o n te n t 

decreased. T h is  is  because th e  m e ta l m a y  tra n s lo c a te  to  the  s h o o t o r  n e w  d e v e lo p in g  ro o ts  w h ic h  

w e re  lo w  in  C d  c o n te n t cause a d i lu t io n  e ffe c t w h e n  the  C d  in  ro o ts  w e re  ex tra c ted .

C ad m ium  a c c u m u la tio n  in  s h o o t

T h e re  is  a s tro n g  c o r re la t io n  b e tw e e n  s h o o t and  ro o t  C d  con ten ts . T h a t  is , C d  

tra n s lo c a tio n  ra te  is  a fu n c t io n  o f  th e  r o o t  c o n te n t because C d  m a in ly  en te rs  the  s te le  th ro u g h  

leakage (A rd u in i,  G o d b o ld  and  O n n is , 1 99 6 ). L a rg e  v a r ia t io n s  in  ro o t- to -s h o o t C d  d is tr ib u t io n  

o c c u r a m o n g  p la n t species (H a r t  e t a l., 199 6 ). C a d m iu m  i t s e l f  w a s  m a in ly  a c c um u la ted  b y  ro o ts  

and o n ly  a s m a ll p o r t io n  w a s  tra n s p o rte d  to  the  s h o o t (G ussa rsson  e t a l., 1 99 6 ). B. o le ra ce a  w a s  

capable o f  a c c u m u la tin g  h ig h  C d  c o n c e n tra tio n  com p ared  to  o th e r species. H o w e v e r , E . p ro s tra ta  

w a s  an e ffe c t iv e  species in  tra n s lo c a tin g  C d  f r o m  ro o ts  to  the  above g ro u n d  p arts . A t  d a y  2  o f  the 

2 0  p p m  tre a tm e n t a l l  p la n t species had  lo w e r  percentage o f  C d  tra n s lo c a tio n  com p ared  to  the  5 

p p m  tre a tm e n t a t the  sam e p e rio d . T h is  m a y  due to  the  re d u c tio n  o f  t ra n s p ira t io n  o f  w h ic h  the  

re d u c tio n  u n d e r h ig h  C d  s u p p ly  has been suggested  b y  B a rc e lo  and P o sc h e n rie d e r (1 9 9 0 ). 

M o v e m e n t o f  C d  f r o m  ro o ts  to  shoo ts  is  l ik e ly  to  o c c u r v ia  the  x y le m  and to  be d r iv e n  b y  

tra n s p ira t io n  f ro m  the  leaves (H a r t  e t ah , 1 99 8 ).

5.2 Selection of metal tolerant species

5.2.1 S e le c tio n  b v  d e te rm in in g  m e ta l a c c u m u la tio n

A m o n g  the  p o ss ib le  to le ra n t m e c h a n ism s  o f  p la n ts  adapted to  c o n ta m in a te d  so ils , l im ite d  

ro o t u p ta ke  is c on s id e red  b y  fa r  less im p o r ta n t th a n  s h o o t e x c lu s io n  ( A rd u in i  e t ah , 1996). Ebbs 

et a l. (1 9 9 7 )  used h y d ro p o n ic  te ch n iq ues  to  screen the cand idate  species fo r  p h y to e x tra c tio n  o f  Cd 

and Z n  f ro m  a c o n ta m in a te d  s o il.  T h e  n u tr ie n t  s o lu t io n  w a s  sup p le m en ted  w ith  100 | i M  Z n 2 , 5 |U 

M  C u 2 and 1 | i M  C d 2 . T h e se  m e ta l c o n c e n tra tio n s  w e re  s u f f ic ie n t ly  to x ic  to  in h ib it  g e rm in a tio n  

and g ro w th  o f  m a n y  species. S e v e ra l B ra s s ic a  spp. w e re  m o re  to le ra n t to  h ig h  le v e ls  o f  m e ta l in  

the s o lu t io n . C a d m iu m  and  Z n  c o n c e n tra tio n s  in  the  shoo ts  o f  these B ra ss ic a  spp. w e re  s im ila r ,
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a p p ro x im a te ly  4 0  and  2 ,0 0 0  m g /k g , re s p e c tiv e ly . H o w e v e r ,  these p la n t species w e re  s tun ted  and 

c h lo ro tic  a fte r  fo u r  w e e k s  o f  g ro w th . I n  c o n tra s t, Ip om o ea  p u rp u re a  and  V ic ia  v illo s a  w h ic h  

g re w  fa i r ly  w e l l  w i th  l i t t le  o r  n o  ev id e nce  o f  to x ic i ty  ha d  s ig n if ic a n t ly  lo w e r  s h o o t C d  and  Z n  

con ten ts  th a n  those  fo r  the  B ra ss ic a  spp ., sug g e s ting  th a t these  p la n ts  m a y  e xc lu d e  h e a v y  m e ta l. 

T w o  grass species, A g ro s t is  c a p il la r is  L .  and  Fe s tu c a  ru b ra  L . ,  w h ic h  w e re  en d e m ic  to  m e ta l 

p o llu te d  s o il,  a lso  to le ra te d  th e  h e a v y  m e ta l b y  e x c lu s io n  and  sh o w e d  n o  ev id ence  o f  m e ta l 

h y p e ra c c u m u la tio n . C o n s e q u e n tly , s e le c tio n  o f  to le ra n t species based o n  m e ta l a c c u m u la tio n  

fa lls  in to  tw o  ca tegories . T h e  f i r s t  is  to  se le c t the  a c c u m u la to r l ik e  T h la s p i ca re ru le sce n s  w h ic h  is 

a w e l l  k n o w n  Z n  and  C d  h y p e ra c c u m u la to r. T h e  second is to  se le c t th e  m e ta l e xc lu d e r.

In  th is  s tu d y  B. o le ra c e a  (B ra s s ic a  o le ra c e a )  seem s to  be th e  m e ta l a c c u m u la to r. T h is  

p la n t a c c um u la ted  h ig h  c o n c e n tra tio n  o f  C d  com p a red  to  o th e r  species. B y  v is u a l sym p to m s , 

c. b a rb a ta  seem ed to  be s e v e re ly  a ffe c te d , b u t f r o m  the  p re lim in a ry  e x p e r im e n t i t  c o u ld  to le ra te  

the  to x ic  C d  to  som e e x te n t. M o re o v e r ,  th is  p la n t lo w e re d  th e  m e ta l b u rd e n  b y  a c c u m u la tin g  i t  in  

the  lo w e r  leaves. C a d m iu m  w a s  e lim in a te d  b y  senescence o f  these leave s w h ic h  had  h ig h  m e ta l 

co n te n t. U n fo r tu n a te ly ,  th e  C d  c o n c e n tra tio n  used  in  th is  s tu d y  are  e x tre m e ly  h ig h , le a d in g  to  

p re d o m in a tio n  o f  p ass ive  u p take  process. T h e  m e ta l a c c u m u la to r e s p e c ia lly  h yp e ra c c u m u la to rs  

have  d if fe re n t p a tte rn  o f  up ta ke . H ig h  s h o o t m e ta l c o n c e n tra tio n s  described  fo r  h yp e ra c c u m u la to r 

g ro w n  in  u n c o n ta m in a te d  s o ils  suggest an u n u s u a lly  a c tiv e  m e c h a n ism  fo r  m e ta l u p ta ke  (B ro w n  

e t a l., 1995). T h e  n e c e ss ity  o f  u s in g  lo w  C d  c o n c e n tra tio n  to  d e te rm in e  a c c u m u la to rs  a lso  

re p o rte d  b y  C osta  and M o re l (1 9 9 4 ). A t  C d  c o n c e n tra tio n s  in  the  s o lu t io n  h ig h e r  than  0.1 [J.M, 

the  C d  c o n te n t d if fe re d  o n ly  s l ig h t ly  a m o n g  le ttu c e  c u lt iv a rs  and the  ra t io  b e tw e e n  the  h ig h e s t and 

the  lo w e s t C d  con ten ts  in  shoo ts  w a s  lo w . H o w e v e r , a t lo w  C d  c o n c e n tra tio n s  in  the m e d iu m , 

shaq} d iffe re n c e s  c o u ld  be ob served . In  such c o n d itio n s , th is  ra t io  rep resented  a va lu a b le  

p a ra m e te r to  screen veg e tab le  c u lt iv a rs  w h ic h  w e re  n o t the  m e ta l a c c u m u la to rs .
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5 .2 .2  S e le c tio n  b v  r o o t  g ro w th  d e te rm in a tio n

O ne  o f  th e  m o s t con sp ic u o u s  s y m p to m s  o f  m e ta l to x ic ity  is  in h ib i t io n  o f  r o o t  g ro w th  

w h ic h , in  tu rn , has le d  to  the  w id e sp re a d  use  o f  th is  cha rac te r to  assess m e ta l to le ra n c e  o f  p la n ts  

(D a v ie s , 199 4). R o o t  g ro w th  is  th e  re s u lts  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  zo n e . B o th  c e ll e lo n g a tio n  and  d iv is io n  a re  a ffe c te d  b y  the  

p resence o f  C d , b u t th e  e ffe c t o n  c e ll e lo n g a tio n  is  p re d o m in a n t. T h e  m e th o d s  fo r  m e a s u re m e n t 

o f  la te ra l ro o t, m ito t ic  in d e x , r o o t  d e n s ity  and  the  e s tim a tio n  o f  r o o t  e lo n g a tio n  ra te  b y  m a rk in g  

w i th  In d ia n  in k  and  m e a s u rin g  the  inc re ased  d is tance  la te r  w e re  describ ed  b y  A r d u in i  e t a l.

(1 9 9 4 ). H o w e v e r ,  S c h a t e t a l. (1 9 9 7 )  m ea su re d  ro o t  g ro w th  in h ib it io n  u n d e r  m e ta l stress b y  

s ta in in g  the  ro o ts  in  a susp e n s io n  o f  f in e ly  p o w d e re d  ch a rc o a l and  m e a s u rin g  the  le n g th  o f  the  

u n s ta in e d  a p ic a l r o o t  seg m ents  la te r.

A lth o u g h  th is  s tu d y  d id  n o t  fo c u s  o n  the  m e a s u re m e n t o f  r o o t  g ro w th , the  s y m p to m  and 

degree o f  r o o t  dam age w a s  ob served . R o o ts  o f  fo u r  p la n t species w e re  a ffe c te d  b y  C d  o f  b o th  

c o n c e n tra tio n s  d u r in g  th e  in i t ia l  tw o  days o f  e xp osu re . T h e  C d -tre a te d  ro o t  tu rn e d  y e l lo w ,  w h o se  

in te n s ity  inc re ased  w i th  C d  su p p ly . M o re o v e r ,  the  dam age w a s  o b se rved  a t a p p ro x im a te ly  0 .5  to  

1 c e n tim e te r  f r o m  th e  r o o t  tip s . I .  a q u a t ic a ' ร ro o ts  w e re  the  m o s t su sc e p tib le  to  C d , w h e re a s  o n ly  

B. o le ra c e a 's  ro o t  d id  n o t  r o t  and  w a s  capab le  o f  d e v e lo p in g  n e w  g ro w th . T h e re fo re , B. o le ra ce a  

w a s  the  m o s t C d  to le ra n t species a m o n g  the  p la n t m a te r ia ls  based o n  r o o t  g ro w th  d e te rm in a tio n .

H o w e v e r ,  an  increase  in  ro o t g ro w th  as a response o f  p la n ts  to  lo w  le v e ls  o f  C d  o r  o th e r 

c a tio n s  has been re p o rte d  b y  A rd u in i e t a l. ( 1994). T h is  in d ic a te s  th a t s e le c tio n  b y  th is  m e th o d  is 

lim ite d  to  the  c o n c e n tra tio n  o f  C d  w h ic h  leads to  ro o t  g ro w th  in h ib it io n .  O th e r  e ffe c t iv e  m e th o d s  

are the รณ d y  o f  c e llu la r  se q u e s tra tio n , c e llu la r  c o m p a rtm e n ta tio n  and b io c h e m ic a l d e to x if ic a t io n  

and c o m p le x a tio n  b y  p h y to c h e la  tin s  w h ic h  are m o s t e ffe c tiv e  a t c h e la tin g  C d  and C u . T o le ra n t  

m e c h a n ism  occurs  v ia  l im it in g  o f  n e t a c c u m u la tio n  o f  a to x ic  io n , e ith e r  b y  su p p re ss ion  o f  in f lu x ,  

increased  e f f lu x ,  p re s e rv a tio n  o f  m e m b ra n e  in te g r ity ,  o r  b y  the d e v e lo p m e n t o f  h ig h ly  s p e c ific  

u p ta ke  sys tem s w h ic h  do  n o t  tra n s p o rt the  to x ic  io n  concerned  (M e h a rg , 199 3 ).
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5 .2 .3  S e le c tio n  b v  u s in g  p ro lin e  a c c u m u la tio n

C o s ta  and  M o r e l (1 9 9 4 )  suggested th a t p ro lin e  a c c u m u la tio n  in  p la n ts  u n d e r C d  stress is  

ind uc ed  b y  a C d -im p o s e d  decrease o f  th e  p la n t w a te r  p o te n tia l. T h e re fo re , p ro lin e -m e d ia te d  

a lle v ia t io n  o f  w a te r  d e f ic i t  s tress c o u ld  s u b s ta n tia lly  c o n tr ib u te  to  the  C d  to le ra n c e  o f  th e  p lan t.

In  a d d itio n  to  p e r fo rm in g  in  th e  w a te r  b a lance m a in te n a n c e , p ro lin e  is  c o n c e iva b le  to  h a ve  o th e r 

s ig n if ic a n t fu n c tio n s  such  as scave n g in g  o f  h y d ro x y l rad ica ls  and in v o lv in g  in  m e ta l c h e la tio n  in  

the  c y to p la s m  e s p e c ia lly  Z n  and N i  w h ic h  are p o o r ind ucers  o f  p h y to c h e la t in  syn th e s is  

(S c h a t e t a l ,  1 99 7 ).

S c h a t e t a l. (1 9 9 7 )  in ve s tig a te d  the  fre e  p ro lin e  a c c u m u la tio n  in  a m e ta l- to le ra n t and a 

n o n to le ra n t eco typ e  o f  S ile n e  v u lg a r is .  I t  w a s  fo u n d  th a t in  the  to le ra n t eco typ e  the  c o n s titu t iv e  

p ro lin e  c o n c e n tra tio n  in  th e  le a ve s  w a s  5 -  to  6 - fo ld  h ig h e r th a n  the  n o n to le ra n t eco type.

H o w e v e r ,  C d  e f fe c t iv e ly  in d u c e d  p ro lin e  a c c u m u la tio n  in  the  n o n to le ra n t eco typ e  a t m u c h  lo w e r  

e xp osu re  le v e ls  com p a red  w i th  the  m e ta l to le ra n t ร . v u lg a r is .  P ro lin e  a c c u m u la tio n  d id  n o t  o c c u r 

u n t i l  m e ta l- im p o s e d  g ro w th  re d u c tio n  w a s  apparent. In  o th e r w o rd s , p ro lin e  a c c u m u la tio n  can at 

m o s t a lle v ia te , b u t n o t  p re v e n t m e ta l stress. I t  is  u n l ik e ly  th a t a n y  p ro lin e  m e d ia te d  a lle v ia t io n  o f  

m e ta l- im p o s e d  w a te r  d e f ic i t  s tress w o u ld  g re a tly  c o n tr ib u te  to  m e ta l to le ra n c e . T h e  a u th o rs  

suggested th a t a d a p tive  to le ra n c e  to  m e ta ls  assoc ia ted  w ith  a s tro n g ly  decreased te n d e n c y  to  

a c c u m u la te  p ro lm e  u p o n  h e a v y  m e ta l exp o su re  b y  p re v e n tin g  the  d e v e lo p m e n t o f  m e ta l- in d u c e d  

w a te r  d e f ic it  s tress. U n d e r d ro u g h t stress som e p la n ts  such as s u n f lo w e r , so rg h u m  and soybean 

d id  n o t a c c u m u la te  p ro lin e  u n t i l  s e v e re ly  d eh yd ra te d  to  the p o in t o f  v is ib le  w il t in g .  P ro lin e  is n o t 

a s e n s it iv e  in d ic a to r  o f  s tress -ind uced  d e h y d ra tio n . Its  a c c u m u la tio n  is a s ig n  o f  in ju r y  (L e v it t ,  

1980).

W h e n  exposed  to  C d  stress, B. o le ra c e a  and E. p ro s tra ta  m a rk e d ly  a c c u m u la te d  p ro lin e , 

b u t the fo rm e r  p re v a ile d  o v e r  the la tte r. B. o le ra c e a  w a s  a lso  fo u n d  to  be the m o s t C d  to le ra n t 

species com p a red  to  o th e r  p la n t m a te r ia ls . T h is  is  c o n tra ry  to  the  S c h a t e t a l. (1 9 9 7 ) ’ s รณ dy. 

T h e re fo re , i t  is  n o  d o u b t th a t p ro lin e  s h o u ld  n o t  be used as an  in te rsp ec ies  assessm ent o f  C d  stress 

o r  o th e r stresses because each species d if fe rs  in  p ro lin e  a c c u m u la tio n  u n d e r stress. M o re o v e r ,  i t
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is  u n c e rta in  th a t p ro lin e  a c c u m u la tio n  in  C d  to le ra n t c u lt iv a r  o f  B. o le ra c e a  u n d e r  stress w i l l  be 

lo w e r  th a n  th e  susc ep tib le  c u lt iv a r .  H ig h  le v e l o f  p ro lin e  w e re  d e tec ted  in  E . p ro s t r a ta ’ s leaves 

w h e n  ra n d o m ly  c o lle c te d  f r o m  the  suscep tib le  p la n ts  and  th e  m o re  to le ra n t  o ne s  w h ic h  d id  n o t 

s h o w  a n y  s y m p to m  o f  w i l t in g  u n d e r p ro lo n g e d  C d  stress. A s  can  be seen, p ro lin e  is  in s e n s it iv e  

and n o t s p e c ific  to  C d  stress. F o r  these reasons, p ro lin e  is  r e la t iv e ly  u n s u ita b le  m e th o d  fo r  

sc re e n in g  to le ra n t species.

5 .2 .4  S e le c tio n  based o n  y ie ld  re d u c tio n

S h o o t d ry  w e ig h t  is  sup p le m en ted  w i th  th e  m e ta l c o n te n t in  p la n ts  f o r  d e te rm in in g  m e ta l 

to le ra n c e . In te n s ity  is  g re a te r w h e n  p la n ts  exposed  to  h ig h  C d  c o n c e n tra tio n  a n d /o r  f o r  a lo n g  

d u ra tio n . D u r in g  the  o n se t o f  the  5 p p m  C d  exp o su re , B. o le ra c e a  is  m o re  to le ra n t  based o n  the  

lo w e r  p ercentage o f  y ie ld  re d u c tio n  (T a b le  5 .1 ).

Table 5.1 Percentage o f shoot dry weight o f stressed plants relative to the controls

D u ra t io n I .  a q ua tic a B . o le ra c e a E . p ro s tr a ta c. b a rb a ta

5 p p m  C d

2d -1 1 .5 0 -4 .11 -12 .2 1 -3 7 .9 6

l i d -4 0 .6 7 -8 .1 0 -2 4 .1 8 -4 3 .1 7

20d -4 6 .9 3 -2 3 .1 6 -5 0 .6 0 -5 4 .8 2

7d (2 7 ) -1 6 .7 4 -5 4 .7 2 -56 .9 1 -4 1 .6 7

14d (3 4 ) -3 5 .0 9 -4 9 .5 9 -7 4 .3 6 -5 8 .5 6

2 0 p p m  C d

2d -1 0 .0 5 + 0 .9 8 +1.61 -1 6 .1 4

5d -2 1 .1 0 -2 9 .6 7 -2 1 .7 2 -6 .2 9

8d -4 5 .3 7 -54 .1 1 -2 1 .0 7 -28 .31

7d  (1 5 ) -6 7 .8 3 -7 3 .9 4 -3 7 .9 7 -5 2 .3 2

1 4 d (2 2 ) -2 6 .6 5 -4 4 .8 7 -5 4 .9 6 -7 2 .4 6
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E . p ro s tr a ta  decreased  its  y ie ld  w i th  t im e  e v e n  w h e n  C d -c o n ta in in g  s o lu t io n  w a s  

re m o v e d . T h is  w a s  acc o m p a n ie d  b y  the  c h lo ro s is  o f  n e w ly  d e ve lo p e d  leave s . A lth o u g h  th is  p la n t 

c o u ld  b lo s s o m  u n d e r C d  stress, i t  fa ile d  to  d e ve lo p  seeds. I . a q u a tic a  had  r e la t iv e ly  lo w  y ie ld  

re d u c tio n  a fte r  h a v u n g  been  tra n s fe rre d  to  C d -fre e  s o lu t io n . T h is  is  p ro b a b ly  d ue  to  th e  c o n tro l 

p la n ts  n e a r ly  f u l l y  m a tu re d , le a d in g  to  s lig h t  d if fe re n t  b e tw e e n  c o n tro ls  and  m e ta l-s tre sse d  p lan t. 

T h e  inc reased  y ie ld  re s u lte d  f r o m  v a r ia t io n  o f  sam p les , n o t  b y  th e  g ro w th  s t im u la t io n  b y  C d.

5.3 Possibility of using plant materials for phytoremediation

M e ta l to le ra n t  p la n ts  e s p e c ia lly  the  h y p e ra c c u m u la to rs  are  c u r re n t ly  used  to  rem ed ia te  

c o n ta m in a te d  s ites . O n e  o f  th e  c h a ra c te ris tic s  o f  h y p e ra c c u m u la to r species a re  th a t  th e y  e x h ib it  

s h o o t/ro o t ra t io s  o f  m e ta l c o n te n t g re a te r th a n  one . T h is  in d ic a te s  a s p e c ific  in te rn a l p u m p in g  

sys te m  o f  m e ta ls  f r o m  ro o ts  to  s h o o t tissue . C a d m iu m  h y p e ra c c u m u la to r  species are d e fin e d  as 

those  w h o s e  leave s  c o n ta in  m o re  th a n  100 m g C d /k g  d ry  w e ig h t  w h e n  g ro w n  in  m e ta l- r ic h  so ils  

(B r o w n  e t a l., 1 99 5 ). C it in g  in  W a ta n a b e ’ s re p o r t (1 9 9 7 ) , the  h yp e ra c c u m u la to rs  s h o u ld  h a ve  the 

fo l lo w in g  tra its : h ig h  c o n ta m in a n t a c c u m u la tio n  ra te  e ve n  a t lo w  c o n c e n tra tio n  in  the  

e n v iro n m e n t; a b i l i t y  to  a c c u m u la te  v e ry  h ig h  le v e ls  o f  c o n ta m in a n ts ; a b i l i t y  to  a c c u m u la te  seve ra l 

m e ta ls ; fa s t g ro w th ; h ig h  b io m a s s  p ro d u c tio n ; and  res is tance  to  d iseases and  pests.

A s  can  be seen f ro m  the  s h o o t C d  c o n te n t, B. o le ra ce a  and  E . p ro s tr a ta  had  s u f f ic ie n t ly  

h ig h  s h o o t C d  c o n te n t. H o w e v e r ,  p h y to e x tra c tio n  o f  c o n ta m in a n ts  depends o n  s h o o t b iom ass  

p ro d u c tio n  (E b b  e t a l ,  199 7 ) because to ta l m e ta l tra n s lo c a tio n  is  a c h ieved  b y  m u lt ip l ic a t io n  o f  

s h o o t m e ta l c o n c e n tra tio n  b y  s h o o t d ry  w e ig h t  (B ro w n  e t a l., 19 9 4 ). C o m p a ra b le  to ta l m e ta l 

t ra n s lo c a tio n  w a s  ob served  in  B. o le ra c e a  and  E. p ro s tra ta  because b o th  spec ies d id  n o t  d if fe r  in  

s h o o t C d  c o n te n t and s h o o t b io m a ss  (see T a b le  B - l )  th o u g h  E. p ro s tra ta ,  n o t b e in g  exposed  to  

C d, had  g re a te r b iom ass . E. p ro s tra ta  d e ve lop ed  s tro n g  ro o t sys te m , b u t had  s lo w e r  ra te  o f  C d  

u p ta ke  re la t iv e  to  B. o le ra ce a . N e v e rth e le s s , th is  p la n t w as  m o re  l ik e ly  to  a c c u m u la te  m o re  C d 

w ith  t im e . H o w e v e r ,  th is  s tu d y  concerned  th e  C d  exp osu re  o f  p la n ts  d ire c t ly  f r o m  n u tr ie n t 

s o lu t io n . I f  th is  p la n ts  w e re  g ro w n  in  the  c o n ta m in a te d  s o il,  less C d  in  s h o o t w o u ld  be observed . 

F u r th e r  in v e s tig a tio n  s h o u ld  fo c u s  on  the  use  o f  lo w  c o n c e n tra tio n  o f  m e ta l to  d e te rm in e  the  

e f f ic ie n c y  o f  u p ta k e  process.

ฟi
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