
CHAPTER 4

RESULTS

4.1 Physiological responses of plants to cadmium stress

4.1.1 Proline accumulation

Proline accumulation of all the control plants did not show the increasing trend when the 
plants aged, but B. oleracea and E. prostrata had more tendency to accumulate proline with 
increasing age (see Tables 4.1 and 4.2). However, the maximum value did not greater than 0.567 
(imol/gFW. Proline accumulation in the other species fluctuated in a narrow range from 0.065 to
0. 432 (J.mol/gFW. c. barbata was the least accumulated species.

Data from Tables 4.1 and 4.2 indicate that plants accumulated pro line when subjected to 
Cd stress. While cadmium concentration of 5 ppm raised proline content of stress plants, 
compared with the controls, from 1- to 10-fold in E. prostrata and 1- to 3-fold in B. oleracea,
1. aquatica and c. barbata did not show significant difference from the controls. With more Cd 
concentration in solution (20 ppm), the plants accumulated more proline from 1.2- to 2- fold in 
I. aquatica and 0.8 to 9 fold in c. barbata. Marked increases above the controls level were 
observed in E. prostrata (4- to 28-fold) and B. oleracea (3- to 135-fold), but only B. oleracea 
showed significant difference from the controls. While lower Cd concentration significantly 
increased proline level in E. prostrata when the plants encountered the toxic metal for a long 
period (Fig 4.1), the high concentration caused rapid increase in this amino acid content within a 
few days. The highest value were obtained from the 8th day treated plants (Fig 4.2) 
accompanying the severe root damage and wilting leaves (see appendix E). Proline content of the 
20 ppm treatment rapidly reduced after elimination of Cd in nutrient solution. However,
B. oleracea and E. prostrata still accumulated proline during the rest of the experiment. 
Significant differences were observed at day 7 (B. oleracea) and day 14 (E. prostrata) after the 
plants had been transferred to Cd-free solution.
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Table 4.1 Pro line accumulation o f  fou r p lan t species w ith  0 and 5 ppm  Cd treatment

Proline
(pmol/gFW)

Cd
(ppm)

Exposure time 
2d l id  20d

Duration after 
7d (27)

exposure 
14d (34)

SL

1.1, aquatica 0 0.228abAB 0.255bAB 0.269bA 0.160bB 0.296* **
5 0.174bcB 0.527bA 0.350bAB 0.201bB 0 .2 0 1“ **

2. B. oleracea 0 0.242abB 0.283bAB 0.242bB 0.43 2bAB 0.567* **
5 0.269* 0.459bA (^0.921* 0.581bA 1.532* NS

3. E. prostrata 0 0.065“ 0.202bC 0.120bD 0.270bB 0.311* **
5 0.283* 1.143* 0.365bA 2.684* 0.747* NS

4. c. barbata 0 0.133cdB

ร0VOÔ 0.147bB 0.228bA 0 .133“ *
5 0.174bcB 0.133bB 0.187bB 0.323bA 0 .133“ **

SL ** NS NS NS NS

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-frce nutrient
solution.
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Table 4.2 Pro line accumulation o f fou r p lant species w ith  0 and 20 ppm Cd treatment

Proline Cd Exposure time Duration after exposure SL
(|imol/gFW) (ppm) 2d 5d 8d 7d (15) 14d (22)

1. I. aquatica 0 0.228bB 0.214bB 0.255bB 0.214bB 0.378^ *

20 0.283bBC 0.418bAB 0.527bA 0.20 lbC 0.337*®° * *

2. B. oleracea 0 0.242bB 0.242bB 0.201bB 0.283bAB 0.364^ **

20 0.799* 13.187*“ 27.077^ 10.735*“ 0.337*® **

3. E. prostrata 0 0.065bB 0.269bA 0.270bA 0.174b“ 0.229b“ *

20 0.269bA 4.229bA 7.644bA 0.529bA 0.420^ NS
4. c. barbata 0 0.133bAB 0.106bAB 0.187bA 0.079bB 0.120c“ **

20 0.106bB 0.255bAB 1.695bA 0.214b“ 0.133cB **

SL NS NS ** * * * *

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient 
solution.
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Fig. 4.1 Proline accumulation of four plant species exposed to 
5 ppm Cd; vertical bars indicate SE.
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4.1.2 Chlorophyll contents

Tables 4.3 to 4.8 show that chlorophyll a, b and a+b contents of I. aquatica and 
E. prostrata at each duration of treatment were significantly greater than B. oleracea and 
c. barbata. Treatments of 5 and 20 ppm Cd lowered the chlorophyll contents significantly.

leaf chlorophyll a, b and a+b contents of the controls remained constant as the plant 
developed. However, E. prostrata showed increasing trend with time. Chlorophyll a content was 
2.8- to 3-fold higher than chlorophyll b content for I. aquatica and c. barbata leaves.
E. prostrata showed lower chlorophyll a to chlorophyll b ratio, but both of them were greater than 
the other species.

The decreasing trend of chlorophyll a, b and a+b contents with time was observed in 
c. barbata and B. oleracea exposed to 5 ppm Cd. However, the chlorophyll b content of 
B. oleracea was rather constant. E. prostrata had uncertain trend, but the lowest point was found 
at the 34-day duration. B. oleracea, on the other hand, had lowest chlorophyll a, b and a+b 
content when exposed to Cd for 20 days, and recovered after having been transferred to normal 
nutrient solution. The similar results were obtained when this plant experienced the 20 ppm 
treatment. Chlorophyll contents of c. barbata were slightly decrease with time, except day 5 
samples. The high concentration treatment resulted in slight reduction in chlorophyll contents of 
B. oleracea at day 5 of Cd exposure. Chlorophyll contents slightly rose in the 8th day samples, but 
then dramatically decreased after the plants were transferred to normal nutrient solution. Unlike 
the others, E. prostrata had slight reduction in the chlorophyll contents and the remarkable 
decrease was observed later from day 22 sample. This decrease was mainly from the reduction of 
chlorophyll a content, whereas the chlorophyll b content was rather stable, significant differences 
from the controls were also obtained.

In stressed plants, the proportion of chlorophyll a to chlorophyll b was slightly lower than 
the control plants except E. prostrata of which the ratio reduced from 2.5 - 2.7 to less than 2 
compared to the controls when the duration was prolonged though Cd in solution was eliminated.
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Table 4.3 C h lo rophy ll a content o f  fou r plant species w ith  0 and 5 ppm  Cd treatment

Chi a 
(mg/gFW)

Cd
(ppm) 2d

Exposure time 
lid 20d

Duration after exposure 
7d (27) 14d (34)

SL

1.1, aquatica 0 0.502^ 0.480^ 0.553^ 0.541^ 0.442bB *
5 0.486^ 0.319bB 0.322bB 0.429bAB 0.408bAB *

2. B. oleracea 0 0.294bA 0.296bA 0.226cA 0.244cA 0.256cdA NS
5 0.282bA 0.260bAB 0.224cAB 0.202cdAB 0.188^ **

3. E. prostrata 0 0.45135 0.507^ 0.505^ 0.564^ 0.566^ *
5 0.447^ 0.459^ 0.224cB 0.246cB 0.179deB **

4. c. barbata 0 0.277bAB 0.295bA 0.196^ 0.223cAB 0.265cAB *
5 0.244bA 0.235bA 0.153^ 0.166^ 0.138eB **

SL NS NS ** ** **

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient 
solution.

£
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Table 4.4 C h lo rophy ll a content o f fou r plant species w ith  0 and 20 ppm  Cd treatment

Chi a Cd Exposure time Duration after exposure SL
(mg/gFW) (ppm) 2d 5d 8d 7d (15) 14d (22)

1. I. aquatica 0 0.502^ 0.531^ 0.423® 0.546^ 0.512^ **
20 0.497^ 0.398bcAB 0.169dC 0.309cBC 0.346bB **

2. B. oleracea 0 0.294cA 0.256eA 0.313bcA 0.253cA 0.269cA NS
20 0.29 lcA 0.244eAB 0.285cA 0.162dC 0.183deBC **

3. E. prostrata 0 0.451abAB 0.440bAB 0.397abB 0.483abAB 0.495^ **
20 0.404bA 0.453bA 0.418^ 0.429bA 0.281® **

4. c. barba ta 0 0.277cAB 0.339^ 0.324abcA 0.265cAB 0.233°® *
20 0.186® 0.344^ 0.142® 0.128® 0.147® **

SL NS ** ** * *

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.5 Ch lo rophy ll b content o f  fou r p lant species w ith  0 and 5 ppm  Cd treatment

Chib Cd Exposure time Duration after exposure SL
(mg/gFW) (ppm) 2d lid 20d 7d (27) 14d (34)

1.1, aquatica 0 0.169^ 0.172^ 0.196^ 0.191bA 0.150® *
5 0.172^ 0.110bB 0.108bB 0.154bcAB 0.137bAB *

2. B. oleracea 0 0.110bA 0.077bA 0.091bcA 0.102cdA 0.106bcA NS
5 0.102bAB 0.107bA 0.094bAB 0.092^ 0.076® *

3. E. prostrata 0 0.166aC 0.185“ 0.195“ 0.257^ 0.281^ **
5 0.174^ 0.210^ 0.113bB 0.181bAB 0.103b® **

4. c. barba ta 0 0.093bA 0.100bA 0.070cdA 0.076^ 0.092bcA NS
5 0.086bA 0.088bA 0.058® 0.061® 0.050® **

SL NS * ** NS **

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.6 C h lo rophy ll b content o f fou r plant species w ith  0 and 20 ppm Cd treatment

Chib
(mg/gFW)

Cd
(ppm) 2d

Exposure time 
5d 8d

Duration after exposure 
7d (15) 14d (22)

SL

1.1, aquatica 0 0.169^ 0.186^ 0.143bB 0.195"* 0.179aAB **
20 0.170^ 0.135bAB 0.054bC 0.104°BC 0.126bcAB **

2. B. oleracea 0 0.110bA 0.100cA 0.116bA 0.089c4A 0.103cdA NS
20 0.116bA 0.102cAB 0.115** 0.070deB 0.077deB **

3. E. prostrata 0 0.166^ 0.163^ 0.145bB 0.174abAB 0.203^ **
20 0.145^ 0.177^ 0.151bA 0.158bA 0.146bA NS

4. c. barbata 0 0.093bA 0.109bcA 0.109bA 0.092cdA 0.081^ NS
20 0.068cB 0.121bcA 0.05 lbB 0.053eB 0.053eB **

SL NS ** ** ** NS

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.7 C h lo rophy ll a+b content o f fou r plant species w ith  0 and 5 ppm  Cd treatment

Chi a+b Cd Exposure time Duration after exposure SL
(mg/gFW) (ppm) 2d lid 20d 7d (27) 14d (34)

1.1, aquatica 0 0.670^ 0.651^ 0.749^ 0.733^ 0.593“ *
5 0.658^ 0.428“ 0.429“ 0.582bAB 0.545bAB *

2. B. oleracea 0 0.404bA 0.373bA 0.317cA 0.345cdA 0.362cA NS
5 0.384bA 0.367bAB 0.319cABC 0.294“ ° 0.264cdc *

3. E. prostrata 0 0.617“ 0.693^ 0.700^ 0.822^ 0.847^ **
5 0.621^ 0.668^ 0.337“ 0.428“ 0.282°“ **

4. c. barbata 0 0.370bAB 0.395bA 0.266cdB 0.299^ 0.357cAB *
5 0.330bA 0.323bA 0.211“ 0.227“ 0.189“ **

SL NS NS ** ** **

** = significant at p< 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd'free nutrient
solution.
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treatment
Table 4.8 Ch lo rophyll a+b content o f  fou r p lant species w ith  0 and 20 ppm Cd

Chi a+b
(mg/gFW)

Cd
(ppm) 2d

Exposure time 
5d 8d

Duration after exposure 
7d (15) 14d (22)

SL

1.1, aquatica 0 0.670^ 0.717^ 0.567® 0.741^ 0.691^ **
20 0.666^ 0.532bcAB 0.223dC 0.414®c 0.472bAB **

2. B. oleracea 0 0.404cA 0.357deA 0.429bcA 0.342cA 0.372cdA NS
20 0.407cA 0.345“ * 0.40 lcA 0.232® 0.259e® **

3. E. prostrata 0 0.617abAB 0.604bAB 0.543abB 0.657abA 0.697^ **
20 0.549bAB 0.63 0abA 0.569^ 0.587bA 0.427“ **

4. c. barbata 0 0.370cAB 0.448^ 0.434bcAB 0.357cAB 0.314d® *
20 0.253® 0.466cA 0.193® 0.181® 0.200® **

SL NS ** ** * *

** = significant at p < 0.01 
* = significant at p < 0.05
NS = not significant
The superscript letter following the number indicate similar or different mean in the same column 
(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient
solution.
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Comparing to the controls, Plants exposed to higher concentration of Cd led to severe 
reduction of chlorophyll contents. Chlorophyll a, b and a+b contents diminished 61, 63 and 61%, 
respectively in I. aquatica, 57, 53 and 56%, respectively in c. barbata. This greatest reduction 
was from the 8th day samples. At 5 ppm concentration, the 42, 45 and 53% reduction of 
chlorophyll a,b and a+b were observed in I. aquatica from the 20th day treatment, whereas 
c. barbata had maximum decrease of these contents (46, 48 and 46%) after having been 
transferred to normal nutrient solution for 14 days ( the 34th day treatment).

In contrast, E. prostrata had dramatically decrease of the chlorophyll contents when it 
was subjected to toxic Cd for a long time (even when the Cd in solution was deprived). That is, 
at the final day of each treatment (the 34th and 22nd day for 5 and 20 ppm Cd respectively), the 
plants reached the maximum decrease and chlorosis was obviously observed (see appendix E). 
However, four times lower Cd concentration, but longer in exposure time, had more influence on 
the reduction, the 68, 63 and 67% reduction of the 34th day samples compared to the 43, 28 and 
39% decrease of chlorophyll a, b and a+b, respectively from the 22nd day samples. B. oleracea 
also had a 30% reduction of chlorophyll contents at this stage (Figs 4.3 and 4.4).

4.1.3 Relative Water Content (RWC)

Relative water content of the control plants was absolutely greater than 88%. Addition 
of Cd to the nutrient solution led to the decrease of RWC in plant tissues (Tables 4.9-4.10 and 
Figs 4.5-4.6). The RWC of the plants was in the order: c. barbata >E. prostrata and B. oleracea 
> I. aquatica, when the plants were subjected to the same level of Cd. However, all the plants 
could regain the water more effectively after Cd removal. /. aquatica was the most effective 
The reduction was maximum after exposed to 5 and 20 ppm Cd for 20 and 8 days, respectively 
with the exception of B. oleracea which had low RWC, but it was insignificantly different from
other duration.
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t r e a tm e n t ;  v e r t ic a l bars in d ic a te  S E .
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Table 4.9 Relative W ater Content (RW C) o f  fou r p lan t species w ith  0 and 5 ppm Cd

treatment

R W C  (% ) C d

(p p m ) 2d

E x p o s u re  t im e  

l i d 20 d

D u ra t io n  a fte r  exp osu re  

7d  (2 7 )  1 4 d (3 4 )

S L

1 .1, aq ua tic a 0 93.823*“* 9 4 .5 8 7 " * 9 4 .2 7 0 abA 92.427*“* 9 4 .6 1 0 abA N S

5 8 9 .4 7 3 bAB 6 9 .3 3 3 cB 8 3 .4 4 0 cAB 9 6 .7 8 0 * 9 1 .6 0 3 * * * *

2. B. o le ra ce a 0 9 3 .7 4 7 abAB 9 8 .4 6 0 * 9 1 .7 8 3 abA 8 8 .5 8 7 bB 8 8 .6 9 0 cB * *

5 8 9 .3 3 3 bA 8 3 .4 5 0 bA 8 7 .0 0 3 bcA 8 8 .3 0 3 * 8 8 .4 4 0 * N S

3. E. p ro s tra ta 0 9 7 .7 3 7 * 9 2 .3 9 7 abBC 9 1 .9 7 7 abC 9 6 .8 9 7 *** 9 3 .2 0 3 bcABC *

5 9 7 .6 0 7 * 9 1 .4 5 3 "* 9 0 .2 3 3 abcB 9 3 .3 9 0 abAB 9 4 .7 7 7 abAB * *

4. c . ba rb a ta 0 9 9 .2 2 3 * 9 8 .9 2 3 * 9 6 .0 1 7 ** 9 5 .5 8 0 ** 9 8 .9 7 3 * N S

5 9 4 .8 3 0 abA 9 6 .2 9 7 * 9 5 .1 8 3 " * 9 1 .5 7 3 " * 9 9 .2 0 7 * N S

S L N S * * N S N S N S

* *  =  s ig n if ic a n t a t p  <  0.01 

*  =  s ig n if ic a n t a t p  <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  sup e rsc rip t le t te r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the  sam e ro w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.10 Relative W ater Content (RW C) o f  fou r p lant species w ith  0 and 20 ppm  Cd

treatment

R W C  (% ) C d

(p p m ) 2d

E x p o s u re  tim e  

5d 8d

D u ra t io n  a fte r  exp osu re  

7d  (1 5 )  14d (2 2 )

S L

1 .1, a q ua tic a 0 9 3 .8 2 3 ^ 9 4 .4 7 7 ^ 9 4 .3 2 7 ^ 9 2 .4 6 3 ^ 9 1 .6 0 0 bcA N S

2 0 8 5 .3 4 7 bA 6 2 .5 10cB 67 .5  13cB 90 .2 3  0 abA 9 3 .5 4 3 bB * *

2. B. o le ra c e a 0 9 3 .7 4 7 abAB 9 7 .0 5 3 ^ 9 8 .7 6 7 ^ 91.820"® 9 1 .2 0 0 bcB *

2 0 7 5 .6 0 7 cA 7 4 .6 2 0 bcA 7 3 .6 7 0 bcA 8 2 .3 9 3 bA 8 9 .5 5 7 cA N S

3. E. p ro s tra ta 0 9 7 .7 3 7 ^ 9 8 .4 1 3 ^ 9 4 .7 6 0 "“ 9 2 .1 2 3 9 2 .1 8 7 bcB * *

2 0 9 3 .6 6 7 abA 8 3 .5 9 7 abAB 6 8 .7 9 0 cB 8 8 .8 9 0 "bAB 9 2 .1 4 0 bcA *

4. c . b a rb a ta 0 9 9 .2 2 3 * 9 6 .2 97 ,aA 9 6 .9 5 7 ^ 9 6 .6 2 7 ^ 1 0 0 .0 0 ^ N S

2 0 9 8 .0 9 7 ^ 8 8 .7 0 7 abAB 8 6 .7 9 7 abB 9 5 .6 5 3 "“ 9 9 .0 2 0 ^ *

S L N S N S N S N S N S

* *  =  s ig n if ic a n t a t p <  0.01 

*  =  s ig n if ic a n t a t p <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le t te r )  o r  in  the sam e ro w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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4 .1 .4  T h e  n u m b e r o f  leaves

T h e  n u m b e r o f  leaves o f  the  non -s tressed  p la n ts  inc reased  w i th  t im e . E. prostrata 
p ro d u c e d  the  h ig h e s t v a lu e  due to  d e v e lo p m e n t o f  b ranches. O n  the  o th e r  hand , th e  b road  le a f  

ve g e ta b le , B. oleracea, n o rm a lly  n e ve r p rod uc ed  m o re  th a n  10 leave s (T a b le s  4 .1 1 -4 .1 2 ). T h e  

p la n ts  resp ond ed  to  the  C d  stress b y  decreas ing  the  n u m b e r o f  leaves. T a b le s  4 .11  and 4 .1 2  

re ve a le d  th a t h ig h e r c o n c e n tra tio n  s tro n g ly  in flu e n c e d  the d e v e lo p m e n t o f  th e  n e w  leaves. In  

o th e r w o rd s , P la n ts  exposed  to  5 p p m  C d  rec o ve re d  q u ic k ly  and p rod uc ed  n e w  leave s ra p id ly  

w h e n  stress w as  re leased . N e v e rth e le s s , th is  w a s  n o t  ob se rved  in  the  case o f  E. prostrata.
E. prostrata exposed  to  2 0  p p m  C d  had  m o re  leaves th a n  the  ones exp osed  to  5 p p m  C d , b u t 

e xp osu re  t im e  w a s  lo n g e r.

4 .1 .5  L e a f  area

L e a f  area o f  the  h e a lth y  p la n ts  soared  up  w ith  t im e  and reached  a m a x im u m  v a lu e  w h e n  

the  p la n ts  f u l l y  m a tu re d . I. aquatica , fo r  e xa m p le , had m a x im u m  le a f  area a t the  2 7 th d a y  o f  

tre a tm e n t (a b o u t 2 m o n th s  f ro m  g e rm in a tio n  stage). M a x im u m  le a f  area w a s  m easured  f ro m  

E. prostrata's leaves.

C a d m iu m  suppressed the e xp a n s io n  o f  le a f. L e a f  area re d u c tio n  w a s  ob se rved  a fte r 

exp osu re  to  C d  o f  b o th  c o n c e n tra tio n s  (T a b le s  4 .13  and 4 .1 4 ). I. aquatica and  c  barbata had  

lo w e s t le a f  area a t the  la s t d a y  o f  C d  exp osure , w h e re a s  E. prostrata and  B. oleracea had 

e x te n s iv e ly  re d u c tio n  in  le a f  area to  a lo w e s t p o in t  a f te r  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  fo r  7 days. H o w e v e r , a lm o s t a ll species had lo w e s t le a f  area a t the  7 th d ay a fte r  

C d w a s  re m o v e d  f ro m  the s o lu t io n  w h e n  com p ared  to  the c o n tro l p lan ts .
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Table 4.11 The number o f leaves o f  fou r p lant species w ith  0 and 5 ppm  Cd treatment

N u m b e r  o f  

leave s

C d

(p p m ) 2d

E x p o s u re  tim e  

l i d 20d

D u ra t io n  a fte r  exp osu re  

7d  (2 7 )  14d (3 4 )

S L

1. I. a q ua tic a 0 1 1 .7 80bcB 1 4 .3 33® 2 6 .2 2 0 cdA 2 7 .0 0 3 ^ 3 1 . 0 ๙ * * *

5 1 2 .7 80bcAB 5 .5 5 7 ® 7 .5 5 7 ® 1 4 .5 5 7 deAB 1 8 .6 6 7 ea * *

2. B. o le ra c e a 0 6 .7 7 7 cB 8 .7 7 7 ^ 9 .3 3 3 ^ 9 .0 0 0 eAB 7 .7 7 7 fAB * *

5 6 .8 8 7 cA 6 .6 6 7 ^ 4 . 5 5 7 ^ 4 .1 1 3 ® 4 .6 6 7 ^ * *

3. E . p ro s tra ta 0 4 0 .7 8 0 aC 1 0 2 .330® 1 5 7 .6 6 7 ^ 1 1 5 .3 3 3 ^ 1 2 0 .6 6 7 ^ * *

5 4 7 .4 4 3 ^ 6 9 .5 5 7 bA 5 3 .7 7 7 bA 5 0 .9 9 7 bA 6 1 .7 7 7 bA N S

4. c . b a rb a ta 0 1 4 .8 90bcC 3 0 .8 9 0 ® 4 2 .7 7 7 bcA 4 4 .8 9 0 bcA 3 8 .2 2 3 cAB * *

5 2 1 .1 10bBC 1 5 .8 9 0 cdC 2 1 .2 2 3 c® C 2 9 .3 3 3 cdA 2 6 . 7 8 0 ^ * *

S L N S N S * * * * * *

* *  =  s ig n if ic a n t at p <  0.01 

*  =  s ig n if ic a n t at p <  0 .05

N S  = n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  th e  sam e c o lu m n  

(c o m m o n  le tte r)  o r  in  the sam e ro w  (c a p ita l le tte r) .

Duration after exposure IS the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.12 The number o f  leaves o f  fou r p lant species w ith  0 and 20 ppm Cd treatment

N u m b e r o f  

Lea ves

C d

(p p m ) 2d

E x p o s u re  t im e  

5d 8d

D u ra t io n  a fte r  exp osure  

7d  (1 5 )  14d (2 2 )

S L

1 .1, aq ua tic a 0 1 1 .7 80bcC 1 7 .0 0 3 bBC 1 5 .0 0 0 cdBC 1 9 .4 4 3 “"® 2 4 .3 3 3 de" * *

20 11 .887bcA 9 .44 3°“"® 6 .7 7 7 deB 6 .6 6 3 effi 9 .0 5 3 e*"® *

2. B. o le ra ce a 0 6 .7 7 7 cB 7 .5 5 7 cdAB 7 .4 4 3 deAB 9 .3 3 3 eA 8 .4 4 7 e*"® * *

20 6 .8 9 0 cA 4 .4 4 7 dB 3 .7 7 7 e® 3.223*® 3.890*® * *

3. E. p ro s tra ta 0 4 0 .7 8 0 abB 4 9 .7 7 7 “® 1 0 9 .2 2 3 “" 1 1 5 .7 7 7 “" 1 2 9 .6 6 7 “" * *

20 4 2 .9 9 7 “® 4 5 .3 3 3 “® 6 6 .8 9 0 bAB 7 3 .6 6 7 b" 7 6 .7 7 7 b" * *

4. c . ba rb a ta 0 1 4 .8 90bC 1 6 .1 10bC 2 2 .3 3 3 cBC 3 3 .6 6 7 c® 47.557e" * *

20 1 -  _ _ _ b B C15.777 1 1 .1 1 0bcC 1 0 .2 2 3 deC 2 3 .8 8 7 “"® 3 0 .5 5 7 “" * *

S L N S N S * * * * * *

* *  =  s ig n if ic a n t at p <  0.01 

*  =  s ig n if ic a n t a t p  <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  sup e rsc rip t le tte r  fo l lo w in g  the n u m b e r in d ic a te  s im ila r  o r  d if fe re n t m ean  in  the sam e c o lu m n  

(c o m m o n  le tte r)  o r  in  the sam e ro w  (c a p ita l le tte r) .

D u ra t io n  a fte r  exp osure  is the  d u ra tio n  a fte r  the  p la n ts  had been tra n s fe rre d  to  C d -ffe e  n u tr ie n t 

s o lu t io n .
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Table 4.13 Lea f area o f  fou r plant species w ith  0 and 5 ppm Cd treatment

L e a f  area  (c m ') C d

(ppm ) 2d

E x p o s u re  t im e  

l i d 20d

D u ra t io n  a fte r  exp osu re  

7d  (2 7 )  14d (3 4 )

S L

1 .1, aq ua tic a 0 1 6 2 .7 4 0 “”° 196 .917°“®° 3 8 5 .6 5 7 ”°"® 5 5 5 .2 4 7 bA 364.857°® * *

5 1 3 2 .9 7 3 bcA 6 5 .5 6 7 eA 8 0 .8 8 0 dA 1 7 9 .3 8 7 “" 1 3 8 .7 8 7 “" N S

2. B. o le ra c e a 0 1 4 8 .1 3 0 bcB 2 8 5 .6 2 0 cB 5 0 5 .6 0 0 bA 5 4 8 .9 9 7 bA 5 7 5 .1 4 7 b" * *

5 1 4 6 .1 6 3 bcA 2 5 2 .7 0 7 cA 202 .1 2 7 °“" 1 4 4 .1 7 7 dA 2 9 7 .6 3 3 °“" N S

3. E . p ro s tra ta 0 2 3 6 .6 3 7 “® 6 2 9 .7 0 7 “® 1 0 0 6 .4 9 7 “" 860 .520"® 1 0 6 4 .9 3 0 “" * *

5 1 7 5 .8 6 7 abA 3 9 2 .9 0 7 bA 3 5 0 .6 4 0 bcA 2 3 8 .8 6 0 cdA 2 8 6 .1 5 0 °“" N S

4. c. b a rb a ta 0 1 0 9 .8 7 3 bcC 1 5 9 .8 1 3 dC 3 6 8 .1 3 0 bcB 3 4 8 .7 2 0 e® 5 4 2 .8 4 7 b" * *

5 81.567°®° 6 7 .6 8 0 eC 9 0 .1 4 3 “®° 1 3 4 .4 9 3 “"® 1 7 5 .1 6 7 “" * *

S L NS * * * * * *

* *  =  s ig n if ic a n t a t p  <  0.01 

*  =  s ig n if ic a n t a t p <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the  sam e ro w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient
solution.
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Table 4.14 Lea f area o f  fou r plant species w ith  0 and 20 ppm Cd treatment

L e a f  area (c m 2) C d

(ppm ) 2d

E x p o s u re  tim e  

5d 8d

D u ra t io n  a fte r  

7d (1 5 )

exp osu re  

14d (2 2 )

S L

1. I. a q ua tic a 0 1 6 2 .7 4 0 ^ 2 2 8 .2 5 3 bAB 0 , -  ,  . -a b A B2 67 .543 2 5 2 .2 9 0 bAB 3 3 4 .9 7 0 cA *

20 1 3 4 .2 9 0 bcA 1 0 0 .8 4 0 “ ^ 7 3 .9 7 7 ^ 6 7 .9 2 7 ^ 8 0 .2 4 0 eA N S

2. B. o le ra ce a 0 1 4 8 .1 3 0 bcC 1 9 1 .9 5 7 bcBC 2 7 8 .6 0 7 abABC 3 6 7 .7 2 3 ^ 3 9 4 .0 1 boA * *

20 1 2 6 .8 0 7 bcAB 8 1 .8 1 7 ® 113 .050cdAE 1 0 1 .7 7 0 cdAB 1 9 4 .3 2 3 ^ * *

3. E. p ro s tra ta 0 2 3 6 .6 4 0 aC 3 7 2 .9 7 7 ® 3 7 4 .8 9 3 ® 4 1 4 .9 9 0 ® 5 4 3 .8 4 7 ^ * *

20 1 6 9 .3 9 7 abA 2 2 0 .8 9 3 bA 2 1 5 .5 1 7 beA 1 8 2 .1 0 0 bcA 2 5 5 .9 0 0 bA N S

4. c . ba rb a ta 0 1 0 9 .8 7 3 bcB 1 2 4 .7 4 7 bcdB 102 .980cdB 1 9 0 .3 8 7 bcB 4 5 5 .1 6 0 bA * *

20 6 5 .9 0 3 cAB 5 9 .3 7 7 ^ 2 7 .5 9 3 ® 6 1 .7 8 7 “ 1 0 7 .6 9 7 eA * *

S L N S N S N S N S N S

* *  =  s ig n if ic a n t a t p <  0.01 

*  =  s ig n if ic a n t a t p <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  sup e rsc rip t le tte r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t m ean  in  the  sam e c o lu m n  

(c o m m o n  le tte r)  o r  in  the  sam e ro w  (c a p ita l le tte r).

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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4 .1 .6  R o o t  to  S h o o t R a t io

T a b le s  4 .1 5  and 4 .1 6  s h o w  th a t E . p ro s tr a ta  had  h ig h e s t R o o t  to  S h o o t R a t io  and th is  

ra t io  w a s  s ig n if ic a n t ly  d if fe re n t  f ro m  the  o the rs .

F iv e  p p m  C d  tre a tm e n t s l ig h t ly  inc re ased  th e  R o o t  to  S h o o t R a t io  o f  I. a q u a tic a  fro m  

1.05 to  1.5 o v e r  the  c o n tro ls ’ . In c re m e n t f r o m  1 .08 - to  3 .1 4 - fo ld  w as  o b ta in e d  f ro m  the  2 0  p p m  

C d  tre a tm e n t, b u t th is  inc re ase  w a s  in s ig n if ic a n t.  B. o le ra c e a  a lso  sh o w e d  a s lig h t  increase  in  th is  

ra t io  a fte r  C d  exp osure . H o w e v e r ,  h ig h e r ra t io  w a s  observed  in  the  h ig h  c o n c e n tra tio n  tre a tm e n t.

O n  the  o th e r hand, 4 -2 9 %  re d u c tio n s  in  th is  ra t io  w e re  ob served  in  E . p ro s tra ta  a t b o th  C d  

le ve ls , w h e re a s  c. b a rb a ta  had  ra th e r f lu c tu a te d  trend .

4 .1 .7  C a d m iu m  a c c u m u la tio n

C adm ium  c o n te n t in  ro o t

C a d m iu m  c o n te n t in  ro o t  o f  the  c o n tro l p la n ts  w e re  m uch  lo w e r  as com p ared  w ith  

stressed p lan ts . T h e  c o n c e n tra tio n  o f  C d  detec ted  in  the  ro o t  tissues w a s  b e yo n d  th e  c o n c e n tra tio n  

added in  the H o a g la n d 's  s o lu t io n . In  g e n e ra l, รณ d ied  p la n ts  a c c um u la ted  C d  ra p id ly  d u r in g  the  

onse t o f  stress. H o w e v e r , B. o le ra c e a  s ig n if ic a n t ly  a cc um u la ted  m o re  C d  th a n  the  o the rs  

(T a b le s  4 .1 7  and 4 .1 8 ). T h e  h ig h  C d  c o n te n t w a s  ob served  in  the  ro o t w i th in  2  days o f  C d  

exp osure . A  1 8 ,0 0 0 -fo ld  o f  C d  a c c u m u la tio n  w as  detec ted  in  B. o le ra c e a 'ร ro o ts  a t 8 -d a y  p e rio d  

as com p ared  w ith  the c o n tro l p lan ts . T h e  m a x im u m  v a lu e  fo r  each C d  tre a tm e n t w a s  ob ta in ed  

w h e n  the p la n ts  had been exposed  to  th is  m e ta l fo r  20  days ( t i le  5p p m  tre a tm e n t)  and 8 days 

(the  20  pp m  tre a tm e n t) (F ig s  4 .8  and 4 .9 ). A t  th is  stage the s tud ie d  p la n ts  sh o w e d  seve re  ro o t  

dam age. R o tte n  ro o ts  o f  I. a q u a tic a  and  E. p ro s tra ta  w as  c le a r ly  ob se rve d  (see a p p e n d ix  E ) .



52

Table 4.15 Root to Shoot Ratio o f fou r p lant species w ith  0 and 5 ppm  Cd treatment

R o o t to  S h o o t C d E xp o su re  tim e D u ra t io n  a fte r e xp osu re S L

R a tio (p p m ) 2d l i d 20d 7d (2 7 ) 14d  (3 4 )

1 .1, a q ua tic a 0 0 .2 1 7bcA 0 .1 2 3 dC 0 .1 9 0 bcAB 0 .1 5 0 cBC 0 .1 5 2 “ *

5 0 .2 3 0 bcA 0 .1 6 5 ^ 0 .2 2 3 bcA 0 .2 2 5 bA 0 .1 6 8 ^ N S

2. B. o le ra c e a 0 0 .2 2 3 bcA 0 .1 7 8 cdAB 0 .1 5 2 cB 0 .2 0 8 bAB 0 . 1 7 4 ^ * *

5 0 .2 0 2 cdA 0 .2 3 3 bcA 0 .2 0 6 bcA 0 .2 3 9 bA 0 .1 9 6 cdA N S

3. E. p ro s tra ta 0 0 .2 9 9 ^ 0 .3 5 5 ^ 0 .3 5 0 ^ 0 . 3 1 0 ^ 0 .2 5 7 bB * *

5 0 .3 1 5 ^ 0 .2 6 8 bB 0 .2 5 6 bB 0 .2 6 0 abB 0 .3 5 8 ^ * *

4. c . ba rb a ta 0 0 .1 5 4 dC 0 .1 4 4 dC 0 .1 8 9 bcBC 0 .2 4 7 bAB 0 .2 7 2 bA * *

5 0 .2 6 8 " * 0 .2 2 7 bcAB 0 .1 8 4 bcB 0 .2 2 3 bAB 0 . 2 4 1 ^ * *

S L * * * N S * *

* *  = s ig n if ic a n t a t p <  0.01 

*  = s ig n if ic a n t a t p  <  0 .05

N S  = n o t s ig n if ic a n t

T h e  su p e rsc rip t le t te r  fo l lo w in g  the n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m ean  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the  sam e ro w  (c a p ita l le tte r).

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.16 Root to Shoot Ratio o f  fou r p lant species w ith  0 and 20 ppm Cd treatment

R o o t  to  S h o o t C d E xp o su re  t im e D u ra t io n  a fte r exp osu re S L

R a tio (p p m ) 2d 5d 8d 7d (1 5 ) 14d (2 2 )

1 .1, a q ua tic a 0 0.21 7 cA 0 .1 5 7 ^ 0 .1 7 7 cA 0 .1 4 3 bA 0 .1 9 5 cdA N S

2 0 0.23 5°A 0 .3 2 0 ^ 0 .2 9  l bA 0 .4 4 9 ^ 0 .2 3 5 bodA N S

2. B. o le ra c e a 0 0 .2 2 3 cA 0 . 1 6 8 ^ 0 .1 5 7 ® 0 .1 8 3 bAB 0 .1 6 0 ® * *

2 0 0 .2 0 6 cdB 0 .2 4 2 bcAB 0 .3 0 6 abA 0 .2 7 4 abAB 0 .2 1 2 bc® * *

3. E. p ro s tra ta 0 0 .2 9 9 abA 0 .3 1 2 ^ 0 .3 8 4 “* 0 .3 8 5 abA 0 .3 9 6 ^ N S

20 0 .3 6 4 ^ 0 .2 9 9 abA 0 .3 0 9 abA 0 .2 9 6 abA 0 .2 8 3 bA N S

4. c . b a rb a ta 0 0 .1 5 4 ® 0 .2 1 3 cdAB 0 .1 5 0 cB 0 .1 7 1 bAB 0 .2 2 8 bodA * *

20 0 .1 7 8 cdAB 0 .2 6 7 abcA 0 .1 3 3 cB 0 .1 8 8 bAB 0 .2 7 2 bcB * *

S L N S * * * * N S *

* *  = s ig n if ic a n t a t p  <  0.01 

*  =  s ig n if ic a n t a t p  <  0 .05

N S  = n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the sam e ro w  (c a p ita l le tte r).

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.17 Cadm ium  content in  roo t exposed to 0 and 5 ppm Cd treatment

R o o t  C d  (p p m ) C d  (p p m ) E x p o s u re  t im e D u ra t io n  a fte r  exposure S L

2d 20d 14d  (3 4 )

1 .1, a q u a tic  a 0 0 .1 6 3 ^ 0 .7 4 7 ^ 0 .9 1 7 cA N S

5 3 3 1 .7 0 0 cB 1 2 5 4 .0 7 7 bA 4 4 6 .6 6 0 ® * *

2. B. o le ra c e a 0 0 .4 1 7 dAB 0 .0 0 8 ® 0 .6 6 3 cA *

5 1031.503*® 3 4 7 2 .9 3 7 ^ 2 4 9 9 .9 6 ^ * *

3. /ริ’. p ro s tr a ta 0 0 .8 3 0 dA 0 .4 5 7 dA 0 .4 1 3 cA N S

5 3 5 1 .2 0 0 cB 1 1 2 4 .0 0 3 bA 3 4 1 .8 9 7 ® * *

4 . c. b a rb a ta 0 0 .3 7 3 dA 0 .5 7 3 ^ 0 .2 9 0 cA N S

5 4 7 6 .2 0 3 bB 7 7 2 .0 0 0 cA 3 0 3 .3 3 0 ® * *

S L * * * * * *

* *  =  s ig n if ic a n t a t p <  0.01 

*  =  S ig n if ic a n t a t p <  0 .05

N  ร  =  n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  same c o lu m n  

(c o m m o n  le tte r )  o r  in  the  sam e ro w  (c a p ita l le tte r) .

Duration alter exposure is the duration after the plants had been transferred to Cd-lfee nutrient
solution.
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Table 4.18 Cadm ium  content in roo t exposed to 0 and 20 ppm Cd treatment

R o o t  C d  (p p m ) C d  (p p m ) E x p o s u re  t im e D u ra t io n  a fte r  exp osu re S L

2d 8d 14d (2 2 )

1 .1. aquO a tica 0 0 .1 6 3 cB 0 . 7 7 3 ^ 1 .0 8 0 “ *

20 1 1 1 6 .260bAB 1 6 3 8 .2 3 7 cA 6 0 7 .7 0 0 ® * *

2. B. o le ra c e a 0 0.41 7cA 0 .2 4 8 ^ 0 .4 1 7 dA N S

20 3 4 1 8 .1 4 7 ® 4 5 0 0 .0 9 0 ^ 2 4 9 4 .5 5 0 aC * *

3. E . p ro s tra ta 0 0 .8 3 0 cA 0 .2 4 7 ® 0 .7 9 0 dA *

20 1 0 4 3 .7 3 0 bB 2 1 4 4 .5 5 7 bA 9 7 7 .6 9 7 ® * *

4. c . b a rb a ta 0 0 .3 7 3 cA 0 .8 8 3 ^ 0 .4 9 0 dA N S

20 1 1 5 1 .6 0 3 bAB 1 8 0 4 .9 8 3 cA 5 8 9 .9 6 7 ® * *

S L * * * * * *

* *  =  s ig n if ic a n t a t p <  0.01 

*  =  s ig n if ic a n t a t p <  0 .05

N S  =  n o t s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the sam e ro w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient
solution.
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3 5 0 0

3 0 0 0

2 5 0 0

2 0 0 0

150 0

1000

5 0 0

0

4000

5000

4 0 0 0

3 00 0

2 00 0

1000

0

Denotes date of the 
termination of Cd exposure

* I. a q ua tic a  

■  B . o le ra ce a  

• • ■ E . p ro s tra ta

® c . ba rb a ta

2d  2 0 d  14d (3 4 )
d u ra tio n  (d a ys )

Fig 4.7 Cadmium accumulation in roots o f four plants 
species exposed to 5 ppm Cd; vertical bars indicate SE.

ๅ

Denotes date of the
termination of Cd exposure 

4§.

"♦  I. a q ua tic a

*  B. o le ra ce a

*  E . p ro s tra ta  

c . b a rb a ta

2d 8d 14d (2 2 )
d u ra tio n  (d a ys )

Fig 4.8 Cadmium accumulation in roots o f four plant 
species exposed to 2 0  ppm Cd; v e rt ic a l bars in d ic a te  S E .
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A f te r  th e  p la n ts  had  been tra n s fe rre d  to  C d -fre e  c u ltu re  s o lu t io n , th e  ro o t  C d  c o n te n t 

ra p id ly  d ropped . T h e  re d u c tio n  o f  6 0 %  o r  m o re  w a s  fo u n d  in  r o o t  sam p les o f  I . aq ua tic a ,

E . p ro s tra ta  and  c. b a rb a ta . E l im in a t io n  o f  C d  in  s o lu t io n  a lso  lo w e re d  th e  C d  c o n te n t in  ro o t  o f  

B. o le ra c e a , b u t a s lig h t  decrease w as ob served . E xp o su re  to  5 p p m  C d  re su lte d  in  a 2 8 %  

re d u c tio n  o f  ro o t  C d  c o n te n t com p ared  w i th  the  4 2 %  re d u c tio n  w h e n  p la n t  w e re  g ro w n  in  2 0  p p m  

C d  c o n ta in in g  n u tr ie n t  s o lu t io n .

C ad m ium  c o n te n t in  s h o o t

T a b le s  4 .1 9  and 4 .2 0  in d ic a te  th a t E. p ro s tra ta  b e in g  exposed  to  C d  to  som e e x te n t had 

in s ig n if ic a n t  d iffe re n c e  o f  s h o o t C d  re la t iv e  to  B. o le ra ce a . S h o o t C d  c o n te n t in  B. o le ra c e a  and 

c. b a rb a ta  lo w e re d  a fte r  e lim in a t io n  o f  C d  in  s o lu t io n . H o w e v e r ,  c o n tra ry  re su lts  w e re  ob ta in ed  

f ro m  I. a q u a tic a  (a t b o th  le v e ls  o f  C d ) and  E . p ro s tra ta  (a t  2 0  p p m  C d ). 2 .8 -  and 1,4 - fo ld  

increases in  s h o o t C d  c o n te n t w e re  fo u n d  a t 2 0  p p m  C d  c o n c e n tra tio n  (F ig s  4 .9  and 4 .1 0 ). 

C o n s id e r in g  the  p ro p o r t io n  o f  s h o o t C d  and  ro o t  C d  c o n te n t, E . p ro s tra ta ,  u n lik e  the  o th e r 

species, m a rk e d ly  increased  its  s h o o t C d  c o n te n t w h e n  the  stress p roceeded.
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Table 4.19 Cadm ium  content in  shoot o f  the plants exposed to 0 and 5 ppm  Cd

treatment

S h o o t C d  (p p m ) C d  (p p m ) E x p o s u re  t im e D u ra t io n  a fte r  e xp osu re S L

2d 20d 14d (3 4 )

1 .1, aq ua tic a 0 0 .1 8 3 ^ 0 .5 1 3 cA 0 .3 0 7 ^ N S

5 2 4 .6 2 3 cB 5 1 .5 2 7 bA 5 2 .1 7 0 bA *

2. B. o le ra c e a 0 0 .2 5 ^ 0 .0 8 cA 0 .0 6 0 ^ N S

5 112.823°® 2 1 4 .2 6 3 ^ 129.913°® * *

3. E. p ro s tra ta 0 0 .2 7 7 ^ 0 .4 5 7 oA 0 .4 5 7 ^ N S

5 3 2 .2 9 0 bC 2 0 6 .3 8 7 ^ 114.657°® * *

4. c . b a rb a ta 0 0 . 2 5 0 ^ 0 .5 0 0 cA 0 dB *

5 2 2 .0 5 0 cB 3 6 .1 3 0 bA 26.487°® * *

S L  . * * * * * *

* *  =  s ig n if ic a n t  a t p  <  0.01 

*  =  s ig n if ic a n t  a t p  <  0 .05

N S  =  n o t  s ig n if ic a n t

T h e  su p e rsc rip t le tte r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m e a n  in  the  sam e c o lu m n  

(c o m m o n  le t te r )  o r  in  the  sam e r o w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient
solution.
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Table 4.20 Cadm ium  content in  shoot o f  the plants exposed to 0 and 20 ppm  Cd

treatment

S h o o t C d  (p p m ) C d  (p p m ) E x p o s u re  t im e D u ra t io n  a fte r  exp osu re S L

2d 8d 14d (2 2 )

1 .1, aq ua tic a 0 0 .1 8 3 ® 0.693°a 0 .3 9 3 cAB *

2 0 1 8 .7 17® 16 .837® 4 7 .9 5 7 bA * *

2. B. o le ra c e a 0 0 .2 5 ^ 0 .0 4 0 cA 0 .0 6 0 cA N S

20 5 7 .9 5 7 ® 1 3 8 .3 9 0 ^ 1 2 6 .9 0 0 ^ *

3. E . p ro s tra ta 0 0 .2 7 7 ® 0 .0 4 0 ® 1 .01 7cA * *

20 3 5 .8 8 3 ® 8 7 .9 6 7 bAB 1 2 5 .2 1 3 ^ * *

4. c. b a rb a ta 0 0 .2 5 0 ^ 0CA 0 cA N S

20 3 7 .0 2 7 ® 1 2 9 .8 4 3 "* 6 3 .7 3 0 ® *

S L * * * * *

* *  =  s ig n if ic a n t  a t p <  0.01 

*  =  s ig n if ic a n t a t p  <  0 .05

N S  = n o t s ig n if ic a n t

T h e  su p e rsc rip t le t te r  fo l lo w in g  the  n u m b e r in d ic a te  s im ila r  o r  d if fe re n t  m ean  in  the  sam e c o lu m n  

(c o m m o n  le tte r )  o r  in  the  sam e ro w  (c a p ita l le tte r) .

Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient
solution.
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Denotes date of the 
termination of Cd exposure

— ♦ —  I .  a q u a tic a  

— ■ —  B . o le ra c e a  

■ -k  ■ - E . p ro s tr a ta  

—•— c. b a rb a ta

2d  2 0 d  1 4 d (3 4 )

d u ra tio n  (d ays)
F ig  4 .9  C a d m iu m  a c c u m u la t io n  i n  s h o o ts  o f  f o u r  p la n t  

s p e c ie s  e x p o s e d  to  5 p p m  C d ;  v e r t ic a l bars in d ic a te  S E .

— ♦ — I .  a q u a tic a

— > B. o le ra c e a

A E . p ro s tra ta

c . b a rb a ta

2d  8d 14d (2 2 )
d u ra tio n  (d ays)

F ig  4 .1 0  C a d m iu m  a c c u m u la t io n  in  s h o o ts  o f  f o u r  p la n t  

s p e c ie s  e x p o s e d  to  2 0  p p m  C d ; v e r t ic a l bars in d ic a te  S E .
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4.2 Relationship of treatments and parameters

T a b le s  4 .21  and  4 .2 2  s h o w  the  c o rre la t io n  b e tw e e n  a l l  p a ra m e te rs  and  each tre a tm e n t 

(0  and  5 p p m  C d  and  0 and  2 0  p p m  C d ). C a d m iu m  c o n te n t in  r o o t  and  s h o o t w e re  h ig h ly  

c o rre la te d  w i t h  each tre a tm e n t a t e v e ry  stages o f  C d  e xp osu re , w h e re a s  le a f  a rea o n ly  c o rre la ted  

to  the  tre a tm e n t a fte r  e xp osu re  fo r  som e p e riod s . S im i la r  re su lts  w e re  fo u n d  in  th e  c h lo ro p h y ll 

con ten ts . In  co n tra s t, R W C  o n ly  c o rre la te d  w i th  th e  tre a tm e n ts  w h e n  th e  C d  w a s  m a in ta in e d  in  

th e  c u ltu re  s o lu t io n , w h ile  p ro lin e  show ed  s ig n if ic a n t  c o rre la t io n  w h e n  p la n t  reached  the  

m a x im u m  stress a t d a y  2 0  and  d a y  8 fo r  5 and  2 0  p p m  tre a tm e n t, re s p e c tiv e ly .

A s  fo r  th e  c o rre la t io n  p a irs  a m o n g  in d iv id u a l p a ram e te rs , th e  se lec ted  p a irs  w e re  C d 

c o n te n t in  p la n t  tissue s  re la te d  to  a l l  p a ra m e te rs  as s h o w n  in  T a b le s  4 .23  to  4 .2 6 , and  R W C  

re la te d  to  p ro lin e  as p resen ted  in  T a b le  4 .2 7 . A l l  p a ram e te rs , e xc e p t p ro lin e , w e re  in v e rs e ly  

re la te d  to  C d  co n te n ts  in  p la n ts . R o o t  C d  c o n te n t w a s  h ig h ly  c o rre la te d  w i th  p ro lin e  a lm o s t a l l  o f  

the  s tud ie d  p e rio d . In s ig n if ic a n t  w a s  fo u n d  in  2 0  p p m  C d  tre a tm e n t a t d a y  22 . R W C  fo llo w e d  

the  sam e tre n d  l ik e  p ro lin e , b u t w a s  o n ly  s ig n if ic a n t  a t p <  0 .05  o f  th e  5 p p m  C d  tre a tm e n t. S h o o t 

C d  c o n te n t w a s  h ig h ly  c o rre la te d  o n ly  a t the  f in a l  d a y  o f  C d  exp osure . H o w e v e r ,  the  c o rre la tio n  

b e tw e e n  s h o o t C d  and  R W C  w a s  n o t ob served . L e a f  area, c h lo ro p h y ll a and  c h lo ro p h y ll a+b 

w e re  c o rre la te d  w i th  th e  p la n t C d  c o n te n t w h e n  the  stress had d e ve lop ed  fo r  a lo n g  t im e . T h e  

h ig h  c o n c e n tra tio n  tre a tm e n t w a s  m o re  l ik e ly  to  c o rre la te  w ith  these p a ram e te rs . O b v io u s ly ,  ro o t 

C d  c o n te n t w a s  h ig h ly  c o rre la te d  w ith  s h o o t C d  con ten t.

P ro lin e  w a s  h ig h ly  c o rre la te d  w ith  R W C  w h e n  I. a q u a tic a , B. o le ra c e a  and  E . p ro s tra ta  

exp osed  to  2 0  p p m  C d  in  n u tr ie n t  s o lu t io n  (T a b le  4 .2 7 ). A t  5 p p m  C d  in  the  n u tr ie n t  s o lu t io n , 

o n ly  I. a q u a tic a  sh o w e d  s ig n if ic a n t re la t io n s h ip  b e tw e e n  these tw o  p a ram e te rs . In  c o n tra s t, no 

s ig n if ic a n t re la t io n s h ip  o f  these p a ram e te rs  w a s  ob served  in  c. b a rb a ta .
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Table 4.21 Corre lation o f  each parameter w ith  the 0 and 5 ppm  Cd treatment

P aram e te rs T re a tm e n t (  0  and  5 p p m  C d  )

2d l i d 20d 7d  (2 7 ) 14d (3 4 )

P ro lin e

(p m o l/g F W )

0 .3 7 8 0 .4 2 2 * 0 .4 3 0 * 0 .301 0 .2 2 0

C h lro p h y l l  a 

(m g /g F W )

-0 .0 7 5 -0 .3 4 5 -0 .4 8 9 * -0 .4 3 5 * - 0 .5 3 1 * *

C h lo ro p h y ll b 

(m g /g F W )

-0 .0 1 6 -0 .0 4 5 -0 .4 4 3 * -0 .2 5 7 -0 .4 7 5 *

C h lo r o p h y ll a+b

(m g /g F W )

-0 .0 5 9 -0 .2 5 7 -0 .4 7 9 * -0 .3 9 2 -0 .5 2 4 * *

R W C  (% ) -0 .3 8 8 -0 .5 2 3 * * -0 .4 2 5 * -0 .1 0 5 -0 .0 4 0

N o . o f  leaves 0 .11 5 -0 .2 1 6 -0 .3 8 3 -0 .3 5 5 -0 .3 0 2

L e a f  area (c m 2) -0 .2 7 4 -0 .3 4 4 -0 .6 5 6 * * -0 .8 0 5 * * - 0 .7 1 3 * *

R /S  ra tio 0 .2 7 2 0 .1 6 0 -0 .0 2 2 0.081 0 .1 9 2

R o o t C d  (p p m ) 0 .7 9 9 * * - 0 .7 3 4 * * - 0 .5 5 7 * *

S h o o t C d  (p p m ) 0 .6 6 4 * * - 0 .7 2 3 * * - 0 .7 8 1 * *

* *  = S ig n if ic a n t  a t p  < 0 .0 1  

*  = S ig n if ic a n t  a t p <  0 .05
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Table 4.22 Corre lation o f  each parameter w ith  the 0 and 20 ppm  Cd treatment

P aram e te rs T re a tm e n t (  0  and  2 0 p p m  C d  )

2d 5d 8d 7d  (1 5 ) 14d (2 2 )

P ro lin e

(p m o l/g F W )

0 .3 7 9 0 .3 9 0 0 .4 5 1 * 0 .3 3 0 0 .1 5 0

C h lro p h y l l  a

(m g /g F W )

-0 .1 6 2 -0 .1 6 5 -0 .5 0 6 * -0 .4 4 5 * -0 .5 3 1 * *

C h lo r o p h y ll b 

(m g /g F W )

-0 .1 3 3 -0 .0 8 4 Ô 1 -0 .4 0 9 * -0 .4 0 4 *

C h lo r o p h y ll a+b 

(m g /g F W )

-0 .1 5 5 -0 .1 4 7 -0 .4 9 3 * -0 .4 3 9 * -0 .5 0 2 * *

R W C  (% ) -0 .4 6 2 * - 0 .7 0 6 * * -0 .7 6 9 * * -0 .3 4 9 -0 .0 2 4

N o . o f  leaves 0 .0 3 0 -0 .1 5 2 -0 .2 3 2 -0 .2 4 0 -0 .2 7 3

L e a f  area (c m 2) -0 .3 3 8 - 0 .5 3 2 * * - 0 .6 0 0 * * -0 .7 6 8 * * -0 .8 5 7 * *

R /S  ra tio 0 .1 6 6 0 .5 4 0 * * 0 .2 2 4 0 .2 7 9 0 .0 3 7

R o o t C d  (p p m ) 0 .7 5 7 * * - 0 .8 3 6 * * - 0 .7 1 8 * *

S h o o t C d  (p p m ) 0 .8 3 3 * * - 0 .7 5 9 * * - 0 .8 7 8 * *

* *  =  S ig n if ic a n t  a t p  <  0.01
* =  S ig n if ic a n t  a t p  <  0 .05
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T a b le  4 .2 3  C o r r e la t io n  b e tw e e n  e a c h  p a ra m e te r  a n d  r o o t  C d  c o n te n t  o f  t h e  0  a n d

5  p p m  C d  t r e a tm e n t

P a ra m e te rs C d  c o n te n t in  ro o t  (  0  and 5 p p m  C d  tre a tm e n t )

2d 20d 14d (3 4 )

P ro lin e  ( ( Im o l/g F W ) 0 .4 2 9 * 0 .7 8 9 * * 0 .6 1 1 * *

C h lro p h y l l  a (m g /g F W ) -0 .32 1 -0 .3 3 3 0 .3 7 9

C h lo r o p h y ll b (m g /g F W ) -0 .28 1 -0 .2 8 3 -0 .3 3 2

C h lo ro p h y ll a+b 

(m g /g F W )

-0 .31 1 -0 .3 2 2 -0 .37 1

R W C  (% ) -0 .4 9 7 * -0 .4 7 7 * -0 .4 7 6 *

N o . o f  leaves -0 .15 1 -0 .3 8 2 -0 .3 9 4

L e a f  area (c m 2) -0 .1 8 9 -0 .4 5 9 * -0 .3 3 5

R /S  ra t io -0 .0 2 3 -0 .0 6 3 -0 .1 5 1

* *  =  S ig n if ic a n t  a t p  <  0 .01 *  =  S ig n if ic a n t  a t p  <  0 .05

T a b le  4 .2 4  C o r r e la t io n  b e tw e e n  e a c h  p a ra m e te r  a n d  r o o t  C d  c o n te n t  o f  t h e  0  a n d

2 0  p p m  C d  t r e a t m e n t

P a ra m e te rs C d  c o n te n t in  ro o t  ( 0  and 20  p p m  C d  tre a tm e n t )

2d 8d 14d (2 2 )

P ro lin e  ( |J .m o l/g F W ) 0 .6 8 8 * * 0 .8 0 6 * * 0 .2 3 7

C h lro p h y l l  a (m g /g F W ) -0 .2 5 1 -0 .2 9 8 -0 .4 9 9 *

C h lo r o p h y ll b (m g /g F W ) -0 .1 6 5 -0 .1 8 9 -0 .3 7 8

C h lo ro p h y ll a+b 

(m g /g F W )

-0 .2 2 9 -0 .2 7 0 -0 .4 7 2 *

R W C  (% ) -0 .7 1 0 * * -0 .6 6 6 * * -0 .3 4 3

N o . o f  leaves -0 .2 2 7 -0 .2 6 6 -0 .3 2 5

L e a f  area (c m 2) -0 .2 6 8 -0 .4 6 4 * - 0 .5 3 2 * *

R /S  ra t io -0 .0 5 5 0 .2 9 6 -0 .0 6 7

** = Significant at p < 0.01 * = Significant at p < 0.05



65

T a b le  4 .2 5  C o r r e la t io n  b e tw e e n  e a c h  p a r a m e te r  a n d  s h o o t  C d  c o n te n t  o f  t h e  0  a n d  

5  p p m  t r e a tm e n t

P a ra m e te rs C d  c o n te n t in  ro o t  (  0  and  5 p p m  C d  tre a tm e n t )

2d 20d 14d (3 4 )

P ro lin e  (p im o l/g F W ) 0 .4 4 7 * 0 .6 1 7 * * 0 .3 8 4

C h lro p h y l l  a (m g /g F W ) -0 .2 6 0 -0 .3 5 6 -0 .4 9 6 *

C h lo ro p h y ll b (m g /g F W ) -0 .2 2 0 -0 .2 0 3 -0 .3 7 2

C h lo r o p h y ll a+b (m g /g F W ) -0 .2 5 0 -0 .3 1 7 -0 .4 6 6 *

R W C  (% ) -0 .4 6 0 * -0 .3 8 6 -0 .2 5 7

N o . o f  leave s -0 .1 9 4 -0 .2 3 4 -0 .2 1 4

L e a f  area (c m 2) -0 .0 6 9 -0 .3 6 2 -0 .4 4 2 *

R /S  ra t io -0 .0 8 4 0 .07 6 -0 .2 9 5

R o o t C d  (p p m ) 0 .9 5 2 * * 0 .8 2 6 * * 0 .7 4 9 * *

* *  =  S ig n if ic a n t  a t p  <  0.01 *  =  S ig n if ic a n t  a t p <  0 .05

T a b le  4 .2 6  C o r r e la t io n  b e tw e e n  e a c h  p a ra m e te r  a n d  r o o t  C d  c o n te n t  o f  t h e  0  a n d  

2 0  p p m  t r e a t m e n t

P a ra m e te rs C d  c o n te n t in  ro o t  (  0  and  2 0  p p m  C d  tre a tm e n t )

2d 8d 14d (2 2 )

P ro lin e  ((J ,m o l/g F W ) 0 .3 9 6 0 .5 6 9 * * 0 .3 0 6

C h lro p h y l l  a (m g /g F W ) -0 .3 4 8 -0 .2 8 7 - 0 .5 1 5 * *

C h lo ro p h y ll b (m g /g F W ) -0 .2 8 3 -0 .19 1 -0 .3 1 5

C h lo r o p h y ll a+b (m g /g F W ) -0 .3 3 2 -0 .2 6 2 -0 .4 6 5 *

R W C  (% ) -0 .3 8 9 -0 .3 5 6 -0 .2 1 7

N o . o f  leaves -0 .0 3 4 -0 .2 0 5 -0 .1 4 7

L e a f  area (c m ') -0 .28 1 -0 .4 8 6 * - 0 .6 0 3 * *

R /S  ra t io 0 .0 6 6 -0 .0 0 7 0 .0 5 2

R o o t  C d  (p p m ) 0 .8 8 9 * * 0 .8 2 6 * * 0 .8 6 8 * *

** = Significant at p < 0.01 * = Significant at p < 0.05
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T a b le  4 .2 7  C o r r e la t io n  b e tw e e n  R W C  a n d  p r o l in e  a c c u m u la t io n  a t  e a c h  s tu d ie d  p e r io d

T re a tm e n t 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

0 and 5 p p m  C d  

2d 0 .5 2 0 0 .28 9 -0 .2 6 2 0 .1 7 6

l i d - 0 .9 7 9 * * -0 .5 4 7 -0 .1 9 2 -0 .2 3 0

20d -0 .8 7 6 * -0 .4 7 3 -0 .4 3 0 -0 .4 3 7

7d  (2 7 ) -0 .2 4 5 -0 .1 3 4 -0 .5 1 3 0 .0 4 2

14d (3 4 ) 0 .5 8 5 -0 .8 7 3 * 0 .4 1 8 -0 .1 8 8

0 and 2 0  p p m  C d  

2d -0 .5 5 5 - 0 .9 5 8 * * - 0 .9 2 1 * * 0 .4 4 4

5d -0 .7 8 7 -0 .9 0 4 * - 0 .9 7 2 * * -0 .7 9 8

8d -0 .9 1 3 * * - 0 .9 7 8 * * - 0 .9 2 6 * * -0 .7 8 0

7d (1 5 ) -0 .8 4 0 * -0 .9 7 4 * * -0 .7 0 0 0 .0 0 6

1 4 d (2 2 ) 0 .193 0 .4 1 2 -0 .0 4 5 0 .4 4 7

* *  =  S ig n if ic a n t  a t p  <  0.01 

*  = S ig n if ic a n t  a t p  <  0 .05
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