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 proling with
increasing age (ee 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 (JmoligFW. C. barbata was the least accumulated species.

Data from Tables 4.1 and 4.2 indicate that plants accumulated proline 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 proling from 1.2- to 2- fold in
|. aquatica and 0.8 to 9 fold in C. barbata. Marked increases ahove 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
few days. The highest value were obtained from the 8hday 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 proling 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 Cc-free solution.



Table 4.1 Proline accumulation of four plant species with 0 and 5 ppm Cd treatment

Proling
(pmolfgFW)

1.1 aquatica
2. B. oleracea
3. E. prostrata

4. C. barbata

SL

Cd

(ppm)

0
5
0
5
0
5
0
5

Exposure time

2

0.2284/8
0.17408
0.24248
0.269*
0.065"
0.283*
0.133aB
0.17468

** =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).

lid

20d

0.25508  0.2690
0527HA  0.35008
02838 02428
0459 (A0.921*

0.202C
1.143*

o5
01338

NS

0.120tD
0.3650A
0.147t8
0.187t8

NS

Duration after exposure
1427 14d (34)
01608  0.296*
02018  o0.201"
043208  0.567*
0581  1.532*
02708  0.311*
2.684*  0.747*
0.2280A  0.133"
0.3230A  0.133"

NS NS

SL

Duration after exposure is the duration after the plants had been transferred to Cd-frce nutrient

solution.

3l
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Table 4.2 Proline accumulation of four plant species with 0 and 20 ppm Cd treatment

Proline
(jimol/gFW)

L 1. aquatica
2. B. oleracea

3. E. prostrata

4. C. barbata

SL

Cd

(ppm)

0
20
0
20
0
20
0
20

2

0.228t8
0.28318C
0.242t8
0.799*

0.0658
0.2690A
0.13308
0.10618

NS

** = significant at p < 001
* =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).

Exposure time

5

0.214B
0.41808
0.2428
13187
0.269
4.229A
0.10608
0.25508

NS

&

0.255(8
0.5270A
0.201B
21.017"
0.2700A
1.6440A
0.1870A
1.6950A

*%

Duration after exposure
7d(15)  14d(22)
02148  0.378"
0.0ItC 037
02838  0.364"
1073 03r®
0.1748°  0.2294°
0.529M  0.420"
00798  0.120¢
0.2144 0.1338

*%

**

SL

**%
**

**

NS

**

Duration after exposure is the duration after the plants had been transferred to Cd-ffee nutrient

solution.
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4.1.2 Chlorophyll contents

Tables 4.3 t 48 show that chlorophyll , band ath contents of 1. aquatica and
E prostrata at each curation of treatrment were significantly greater thanB. oleracea and
C. barbata. Treatrments of 5 and 20 ppm Cdl lowered the chlorophyll contents significantly.

leaf chlorophyll b and ath contents of the controls remained constant as the plart
ceveloped. However, E prostrata Showed increasing trendwith time. Chlorophyll a content wes
2.8- 10 3-fold higher than chlorophyll b content for 1, aquatica and ¢. barbata leaves.
E prostrata showed lower chloraphyll a to chlorophyil b ratio, but both of themwere greater than
the other species.

The decreasing trend of chloraphyll 8, band a+h contents with time was observed in
C. barbata andB. oleracea exposed to 5 ppm Cdl. However, the chlorophyll b content of
B. oleracea Wes rather constant. E. prostrata had uncertain treng, but the lowest point wes found
at the 34-day duration. B. oleracea, on the other hand, hadl lowest chlorophyll & band ath
content when exposed to Cd for 20 days, and recovered after having been transferred to nonel
nutrient solution. The similar results were obotained when this plant experienced the 20 ppm
treatmert. Chlorophyll contents of . barbata were slightly decrease with tine, except day 5
samples. The high concentration treatrent resulted in slight reduction in chlorophyll contents of
B oleracea at day 5 of Cd exposure. Chlorophyll contents slightly rose in the 8hday samples, out
then aramatically decreased after the plarts were transferred to nomal nutrient solution. Unlike
the others, E prostrata hed slight reauiction in the chlorophyll contents and the remerkable
clcrease was observed later fromday 22 sample. This decrease was mainly from the rectiction of
chlorophyll a content, whereas the chlorophyil b content wes rather stable, significant cirfferences
fromthe controls were also obtained

Instressed plants, the proportion of chloraphyll ato chlorophyil bwas slightly lower than
the control plants except E prostrata of which the ratio reduced from25 - 2.7 to less than 2
compared to the controls when the ouration was prolonged though Cdlin solution was eliminated.



Table 4.3 Chlorophyll a content of four plant species with 0 and 5 ppm Cd treatment

Chia 0 Exposure time Duration after exposure~ SL
(myg?W)  (ppm) lid o @) 4d(3)

1.1 aquatica 0 05020 04800 053 05410 4B 7
5 0486° 03198 032B 04208 04088  *
2Boeracca 0 0204\ 029 02260A 0240\  02%6aA NS
5 020A 026008 0248 02008 018" ™
JEposrata 0 0451% 05070 0505 05640 05660  *
5 0M1N 04590 024B 0268 0179B ¢
4Chabata 0 027768 02950A 019" 02308 02658
5 024PA  02%5A 045 01660 0188 ¢
S NSNS o i i

= gjgnificant at p < 001
* =gignificant at p < 0.05
NS = not significant

3

The superscript letter following the number indiicate similar or cifferent mean inthe same colurm

(common letter) or in the same row (capital letter).
Duration after exposure is the duration after the plants hadl been transferred to Cokfree nutrient
solution.
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Table 4.4 Chlorophyll a content of four plant species with 0 and 20 ppm Cd treatment

Chia 0 Exposure time Duration after exposure~ SL
(myoPN) () A X d Tl 4@

Ll aquatca 0  0502% 0531 04230 0546 05127
0 0497 03%8wB 0160C 03008  (.346B
2Boeracca 0 0294A 0256A 0313A 0253A  0.269A
0 00lA 02468 0285A 0162C 018380
3Epostratla 0 045108 044008 0397dB 048308 049"
0 04MA 04538 0418 049 0818
4 Chabata 0 027708 0339 0344\ 026508 02339
0 0186® 0344 01420 01280 0147®

¥ » ¥ ¥ ¥&5 % %

Sl_ NS *k *k * *

* =gignificantat p < 0.01

* =gignificant atp < 0.05

NS = not significant

The superscript letter followang the number indicate similar or diifferent mean in the same colunm
(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 Chlorophyll b content of four plant species with 0 and 5 ppm Cd treatment

Chib G Exposure tine Duration after exposure SL
(myoPy)  (pm) A lid o @) 14d(3)

1laguatica 0 01690 01720 019" 0l o0l ¥
5 01720 0108 01088 0548 0378 ¢
2Boeracca 0 01100 OO077KA 0091mA  01020A  0106A NS
5 0108 0L07A 00908 0092% 00760 ¥
JEposratla 0 0166C 018  019%5° 0257~ 08 ™
5 0174% 02000 0138 08B 0103® ¢
4Chabata 0  0003A 0100A 0070ch 0076  0092WA NS
5 008GtA 008A 005%® 0061®@ 0050
S NS = v NS **

* = significant at p< 001

* =gignificant at p< 0.05

NS = ot significant

The superscript letter followang the number indlicate similar or diifferent mean in the same columm
(common letter) or inthe same row (capital letter)

Duration after exposure is the duration after the plants had been transferred to Cd-free nutrient

alution.
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Table 4.6 Chlorophyll b content of four plant species with 0 and 20 ppm Cd treatment

Chib
(mygF)

1.1 aquatica
2.B. oleracea
3.E prostrata

4. C. barbata

SL

o
(ppm)

0
|
0
2
0
X

0
A

Exposure time
A 5

0.169" 0.186"
0.170™ 013508
0.110A  0.100A
0.116M 010208
066" 0163
014" 0L17rm™
0.093A  0.109A
00668 0.121tA

NS *k

= gignificant at p < 001
* - =significant at p < 0.05
NS =not significant
The superscript letter following the number indicate Similar or cifferent 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.

&

01438
0.0541C
0.116A
0115
0.1458
0.151A
0.109A
005118

*k

Duration after exposure

1415

019%™

0.10°RC
0.08%A
0.070dB
0.1744/8
0.1580A
0.092aA\
0.0538

*k

14(2)

0.17%B
0.12608
0.103cA
0.077dB
0.203"
0.1460A
0.0817
0.0538

NS

SL

¥ ¥5 % %

&5 &
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Table 4.7 Chlorophyll a+b content of four plant species with 0 and 5 ppm Cd treatment

Chi ath Cd Exposure tine Duration after exposure - SL
(myo™y)  (om A lid o @) 14d(3)

1.1 aquatica 0 0670 0651 0749 0733  os503"
5 065 0428 0429 05808 05450 C
2Boeacca 0  0404A 0373A 0317A  0.345KA  0362A NS
5 0384A 036708 031908 o020 0264  *
3Epostata 0 oer 06930 07000 082n  ofh
5 061" 0668 oasst 042 08
4. ¢. barbata 0 031068 03%BMA 0266B 0299 035708 *
5 0330 0323 o021t o227 0189 *

S NS NS . > >

= gjgnificant at p< 001

* =gignificant atp < 006

NS =not significant

The superscript letter following the nuboer inciicate similar or diifferent mean in the same colum
(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 4.8 Chlorophyll atb content offour plant species with 0 and 20 ppm Cd

treatment

Chi ath d Exposure time Duration after exposure - SL

(mygPN)  (pom) A 5 & (5 142
1.1 aquatica 0 06700 07177 0%@ 0741~ 06910
N 06660 05208 023C 04148c 04708 ¢
2Boeracea 0 0404A 0357¢A 0429mA 03424 0372 NS
N 0407A 035“* 040lA 0220 056 ™
3Epostata 0 061748 060408 05434  06574A 06970 ™
0 05008 06304A 0569"  0587A  ouor®
4. C. barhata 0 0370¢8 0448 04408 035708 03U®  °
0 05 04662 019%®  0181®@ 02008 *

Sl_ NS *k *k * *

** = gignificant at p < 001

* =gignificant atp < 0.05

NS = not significant

The superscript letter following the number indicate similar or different mean in the same colurm
(common letter) or inthe 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
reciuction of chlorophyll contents. Chloraphyl & b and a contents diminished 61, 63 and 61%
respectively inl. aquatica, 57, 53 and 56% respectively inc. barbata. This greatest recuction
was fromthe 8hday samples. At 5 ppm concentration, the 42, 45 and 53% reduction of
chlorophyll &) and ato were observed inl. aquatica fromthe 20thday treatment, whereas
C. barbata had maximum cecrease of these contents (46, 48 and 46%) after having been
transferred to normal nutrient solution for 14 days ( the 34haay treatment).

In contrast, E. prostrata hed dramatically decrease of the chlorophyil contents when it
Was subjected to toxic Cdl for a long time (even when the Cd in solution was deprived). That is,
atthe final day of each treatment (the s«thand 22rdciay for 5 and 20 ppm Cd respectively), the
plants reached the meximum decrease and chlorasis was obviously observed (see appendix E)
However, four times lower Cd concentration, but longer in exposure time, had more influence on
the regliction, the 68, 63 and 67% regluction of the sathclay samples compared to the 43, 28 and
3o ckcrease of chlorophyll &, b and ah, respectively fromthe 22rtdday samples. B. oleracea
als0 hadl a 3% regliction of chlorophyll contents at this stage (Figs 4.3 and 44),

413 Relative Water Content (RWC)

Relative water content of the control plants wes absolutely greater than 88% - Addition
of Culto the nutrient solution ledl to the cecrease of RWC inplant tissues (Tables 4.9-4.10 and
Figs 45-4.6). The RAC of the plants was in the orcer: C. barbata >E. prostrata andB. oleracea
> |, aquatica, when the plants were subjected to the same level of Cd. However, all the plarts
could regain the water more effectively after Cd removal. /. aquatica was the most effective
The reguiction was meximum after exposed to 5 and 20 ppm Cdl for 20 and 8 days, respectively
with the exception of B. oleracea which hadl low RWC, but it was insignificantly dirfferent from
other curation.
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Table 4.9 Relative Water Content (RWC) of four plant species with 0 and 5 ppm Cd

treatment

RWC (%) Cd
(ppm)

1.1 aquatica 0

5

2. B. oleracea 0

5

3. E. prostrata 0

5

4, c. barbata 0

5

SL

2d

93.823*
89.473B
93.7478B
89.333MA
97.737*
97.607*
99.223*
94.8308A

NS

** = significantat p < 0.01

* = significantatp < 0.05

NS =notsignificant

Exposure time

lid

94 587"
69.333B
98.460*
83.450bA
92.397a8C
91.453"
98.923*
96.297*

* %

20d

94.27080A
83.440cAB
91.783aA
87.003bcA
91.9774C
90.233axB
96.017*
95.183"

NS

Duration after exposure

7d (27) 14d(34)

92,427+ 94.610abA
96.780* 91.603*
88.587m8 88.690aB
88.303* 88.440%
96.897**  93.203hcABC
93.390ab  94.777aAB
95.580* 98.973*
91.573" 99.207*

NS NS

NS

* %

* %

NS

* %

NS
NS

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.



Table 4.10 Relative Water Content (RWC) of four plant species with 0 and 20 ppm Cd

freatment

RWC (%) Cd
(ppm)

1.1 aquatica 0

20

2. B. oleracea 0

20

3. E. prostrata 0

20

4. c. barbata 0

20

SL

2d

93.8234
85.347hA

93.747a48
75.607cA
97.737%
93.667aA
99.223*
98.097~

NS

¥* = significantat p < 0.01

¥ =significantat p < 0.05

NS =notsignificant

Exposure time

5d

944771
62.51008
97.0537
74.620bcA
98.4137
83.597a48
96.297 8A
88.7078xB

NS

943277
67.513c8
98.767"
73.6700cA
94.760"
68.79008
96.957"
86.797aB

NS

Duration after exposure

7d (15)

92.463"
90.230abA
91.820'®
82.393bA
92.123
88.890"hAB
96.627"
95.653"

NS

14d (22)

91.600hcA
93.5438
91.200bB
89.557¢A
92.187h:B
92.140bcA
100.007
99.0207

NS

SL

NS

* %

NS

* %

NS

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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4.1.4 The numberofleaves

The number of leaves o fthe non-stressed plants increased with time. E. prostrata
produced the highestvalue due to development ofbranches. On the other hand, the broad leaf
vegetable, B. oleracea, normally never produced more than 10 leaves (Tables 4.11-4.12). The
plants responded to the Cd stress by decreasing the number o f leaves. Tables 4.11 and 4.12
revealed that higher concentration strongly influenced the development o fthe new leaves. In
otherwords, Plants exposed to 5 ppm Cd recovered quickly and produced new leaves rapidly
when stress was released. Nevertheless, this was not observed in the case o f E. prostrata.

E. prostrata exposed to 20 ppm Cd had more leaves than the ones exposed to 5 ppm Cd, but

exposure time was longer.

415 Leafarea

Leafarea ofthe healthy plants soared up with time and reached a maximum value when
the plants fully matured. |. aquatica , for example, had maximum leafarea at the 27thday of
treatment (about 2 months from germination stage). Maximum leafarea was measured from

E. prostrata’s leaves.

Cadmium suppressed the expansion ofleaf. Leafarea reduction was observed after
exposure to Cd ofboth concentrations (Tables 4.13 and 4.14). |. aquatica and ¢ barbata had
lowest leafarea at the last day of Cd exposure, whereas E. prostrata and B. oleracea had
extensively reduction in leafarea to a lowest point after having been transferred to normal
nutrient solution for 7 days. However, almost all species had lowest leafarea at the 7hday after

Cd was removed from the solution when compared to the control plants.
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Table 4.11 The number of leaves of four plant species with 0 and 5 ppm Cd treatment

Numberof

leaves

1 1. aquatica

2. B. oleracea

3. E. prostrata

4, ¢. barbata

SL

Cd
(ppm)

2d

11.7800B
12.780hcAB
6.77708
6.887cA
40.780&C
47.4437
14.890C
21.11008C

NS

** = gignificantat p < 0.01

* = significant at p < 0.05

NS = not significant

Exposure time

lid

14.333®

5.557®
§.777"

6.667"
102.330®
69.557bA
30.890®
15.890aC

NS

20d

26.2200dA
7.557®
9.3337
4.557"
157.6674
53.777bA
42.77ThcA
21.223®C

* %

Duration after exposure

7d (27)

27.0037
14.557ceAB

9.000eAB

4.113@
115.333%

50.997bA
44.890bcA
29.333c0A

* %

14d (34)

31.0 ¢
18.667e
7.7771AB
4.6674
120.6674
61.777bA
38.223c/B
26.780"

* %

SL

* %

* %

* %

* %

* %

NS

* %

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 ISthe duration after the plants had been transferred to Cd-free nutrient

solution.



Table 4.12 The number of leaves of four plant species with 0 and 20 ppm Cd treatment

Numberof Cd Exposure time Duration after exposure  SL
Leaves (ppm) 2d 5d 8d 7d (15) 14d (22)
1.1, aquatica 0 11.780eC ~ 17.003bBC  15.000cBC  19.443"®  24.333d "

20 11.887hcA  9.443°"'® 6.7770B 6.66 3eff 9.053¢"®

* %

2. B. oleracea 0 6.777B  7.557cdB  7.4430eAB 9.333eA 8.447¢"®

* %

20 6.890cA 4.4478B 37176 3.223*® 3.890*®

* %

3. E. prostrata 0 40.780aB  49.777°®  109.223"  115.777"  129.667"

* %

20 42.997'®  45333'®  66.8900B  73.6670 76.7778

* %

4. c. barbata 0 14.890C  16.1100C  22.333BC  33.667®  47.557¢

* %

20 }"5.7'7‘ " 11110MC  10223dC  23.887"®  30.557

* % * % %%

SL NS NS

** = significant at p < 0.01

¥ =significant at p < 0.05

NS = notsignificant

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.



Table 4.13 Leafarea of four plant species with 0 and 5 ppm Cd treatment

Leafarea (cm')  Cd

(ppm)
1.1 aquatica 0
5
2. B. oleracea 0
5

3. E. prostrata 0

4. C. barbata 0

SL

2d

162.740™°

132.973hcA
148.130bB
146.163hcA
236.637"®
175.8678A
109.873hC
81.567°@°

NS

¥+ = gjgnificant at p < 0.01

* = significant at p < 0.05

NS = notsignificant

Exposure time

lid

196.917°“@°
65.567¢€A
285.6208
252.707CA
629.707"®
392.907hA
159.813dC
67.680€C

20d

385.657"'®
80.880dA
505.600bA
202.127°
1006.497™
350.640bcA
368.130bB
90.143@°

7d (27)

555.2470A
179.387"

548.997bA
144.1770A
860.520"@

238.8600cdA
348.720e®
134.493"®

* %

Duration after exposure

14d (34)

364.857°@
138.787"
575.1478
297.633°"
1064.930™
286.150°
542.8470
175.167"

* %

49

* %

NS

* %

NS

* %

NS

* %

* %

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.



Table 4.14 Leafarea of four plant species with 0 and 20 ppm Cd treatment

Leafarea (cm2

1. 1. aquatica

2. B. oleracea

3. E. prostrata

4. c¢. barbata

SL

Cd
(ppm)

20

20

20

20

2d

162.7407
134.290bcA
148.130bC
126.807hcAB
236.6408C
169.397aA
109.873hB
65.903cAB

NS

¥* = significant at p < 0.01

¥ = significant atp < 0.05

NS =notsignificant

Exposure time

5d

228.253hA8
100.840%~
191.957hcBC
81.817®
372.977®
220.893bA
124,747 bxoB
59.3771"

NS

8d

2675434
73.9777
278.607a8C
113,050
374.8930
215.517 be
102.980aB
275930

NS

Duration after exposure

7d (15)

252.290bAB
67.9277
367.7237
101.770c0AB
4149900
182.100hcA
190.387haB
61.787"

NS

14d (22)

334.970cA
80.240eA
394.01boA
1943237
543.8471
255.900pA
455.1600A
107.697€A

NS

50

SL

NS

* %
* %
* %
NS
* %

* %

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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4.1.6 Rootto Shoot Ratio

Tables 4.15 and 4.16 show thatE. prostrata had highestRootto Shoot Ratio and this

ratio was significantly different from the others.

Five ppm Cd treatment slightly increased the Rootto Shoot Ratio ofl. aquatica from
1.05to 1.5 overthe controls’. Increment from 1.08- to 3.14-fold was obtained from the 20 ppm
Cd treatment, but this increase was insignificant. B. oleracea also showed a slight increase in this
ratio after Cd exposure. However, higher ratio was observed in the high concentration treatment.

On the other hand, 4-29% reductions in this ratio were observed in E. prostrata atboth Cd

levels, whereas C. barbata had rather fluctuated trend.

4.1.7 Cadmium accumulation

Cadmium contentin root

Cadmium contentin rootofthe control plants were much lower as compared with
stressed plants. The concentration of Cd detected in the roottissues was beyond the concentration
added in the Hoagland's solution. In general,  died plants accumulated Cd rapidly during the
onsetofstress. However, B. oleracea significantly accumulated more Cd than the others
(Tables 4.17 and 4.18). The high Cd contentwas observed in the root within 2 days of Cd
exposure. A 18,000-fold ofCd accumulation was detected in B. oleracea’ roots at 8-day period
as compared with the control plants. The maximum value for each Cd treatmentwas obtained
when the plants had been exposed to this metal for 20 days (tile 5ppm treatment) and 8 days
(the 20 ppm treatment) (Figs 4.8 and 4.9). At this stage the studied plants showed severe root

damage. Rotten roots of I. aquatica and E. prostrata was clearly observed (see appendix E).



Table 4.15 Root to Shoot Ratio of four plant species with 0 and 5 ppm Cd treatment

Rootto Shoot

Ratio

1.1 aguatica

2. B. oleracea

3. E. prostrata

4. c. barbata

SL

Cd
(ppm)

2d

0.217hcA
0.230hcA
0.223hcA
0.202cdA
0.299~

0.315%

0.154dC

0.268"

** = significantatp < 0.01

¥ =significantatp < 0.05

NS = notsignificant

Exposure time

lid

0.123cC
0.165%
0.178coAB
0.233bcA
0.355%
0.2680B
0.144dC
0.227hcAB

* %

20d

0.190bcAB
0.223hcA
0.152a8
0.206bcA
0.3507
0.2568
0.189bBC
0.1840B

NS

Duration after exposure

7d (27)

0.150¢8C
0.225pA
0.208nAB
0.239A
0.3107

0.2608B
0.247bAB
0.223hB

14d (34)

0.152"
0.168%
0.1747
0.1960dA
0.25708
0.358%
0.272bA
0.2414

SL

NS

* %
NS
* %
* %
* %

* %
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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.



Table 4.16 Rootto Shoot Ratio of four plant species with 0 and 20 ppm Cd treatment

Rootto Shoot Cd Exposure time Duration after exposure SL
Ratio (ppm) 2d 5d 8d 7d (15) 14d (22)
1.1, aquatica 0 0.217cA  0.1577 0.177cA 0.143bA 0.1950dA NS

20 0.235°A  0.320" 0.291bA 0.4497 0.235bodA NS

* %

2.B. oleracea 0 0.223cA  0.168~  0.157®  0.183b8  0.160@
20 0.206aB 0.242bcAB  0.306aA  0.274aB  0.212k® "
3. E. prostrata 0 0.299aA  0.312~ 0.384" 0.385aA 0.396" NS
20 0.364% 0.299aA 03094  0.296aA  0.283bA NS

* %

4. c. barbata 0 0.154®  0.213cdB  0.150a8 0.171bAB 0.228bodA

* %

20 0.178c0AB 0.267a0A  0.1330B 0.1880AB 0.272hB

* % * % *

SL NS NS

** = significantatp < 0.01

* = significantatp < 0.05

NS =notsignificant

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.



Table 4.17 Cadmium content in root exposed to 0 and 5 ppm Cd treatment

Root Cd (ppm)  Cd (ppm)

1.1, aquatica 0
5
2. B. oleracea 0
5
3./ .prostrata 0
5
4. C. barbata 0
5
SL

¥+ = gjgnificant at p < 0.01
* = Significant at p < 0.05

N = notsignificant

Exposure time

2d

0.163%
331.700aB
0.417dAB
1031.503*®
0.830dA
351.200eB
0.3730A
476.20308

* %

20d

0.7471
1254.077bA
0.008®
3472937
0.457dA
1124.0030A
0.5737
772.000cA

* %

Duration after exposure

14d (34)

0.917cA
446.6600
0.663cA
2499.96"
0.413cA
341.897@®
0.290cA
303.3300@

* %

SL

NS

* %

* %

NS

* %

NS

* %

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 alter exposure is the duration after the plants had been transferred to Cd-lfee nutrient

solution.



Table 4.18 Cadmium content in root exposed to 0 and 20 ppm Cd treatment

RootCd (ppm)  Cd (ppm) Exposure time Duration after exposure ~ SL
2d 8d 14d (22)

1.1 aquOatica 0 0.163B 0.7737 1.080" '
20 1116.260bA8  1638.237cA 607.700@ "

2. B. oleracea 0 0.417cA 0.2487 0.417dA NS
20 3418.147@  4500.090/ 2494.550aC "

3. E. prostrata 0 0.830cA 0.247® 0.7900A *
20 104373008 2144.557hA 977.697@ "

4. c. barbata 0 0.373cA 0.8837 0.490dA NS
20 1151.603048  1804.983cA 589.9676 "

sL $ ) "

¥* = significantatp < 0.01

¥ = significantatp < 0.05

NS = notsignificant

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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After the plants had been transferred to Cd-free culture solution, the root Cd content
rapidly dropped. The reduction of60% or more was found in root samples o fl. aquatica,
E. prostrata and C. barbata. Elimination ofCd in solution also lowered the Cd contentin root of
B. oleracea, butaslight decrease was observed. Exposure to 5ppm Cd resulted in a 28%
reduction ofroot Cd content compared with the 42% reduction when plantwere grown in 20 ppm

Cd containing nutrient solution.

Cadmium contentin shoot

Tables 4.19 and 4.20 indicate thatE. prostrata being exposed to Cd to some extent had
insignificant difference ofshoot Cd relative to B. oleracea. ShootCd contentin B. oleracea and
C. barbata lowered after elimination of Cd in solution. However, contrary results were obtained
from I. aquatica (at both levels ofCd) and E. prostrata (at 20 ppm Cd). 2.8- and 1,4-fold
increases in shoot Cd contentwere found at 20 ppm Cd concentration (Figs 4.9 and 4.10).
Considering the proportion o f shoot Cd and root Cd content, E. prostrata, unlike the other

species, markedly increased its shoot Cd content when the stress proceeded.



Table 4.19 Cadmium contentin shoot ofthe plants exposed to 0 and 5 ppm Cd

treatment

Shoot Cd (ppm)

1.1 aquatica

2. B. oleracea

3. E. prostrata

4, c. barbata

SL

** =significantatp < 0.01
* = significantatp < 0.05

NS =notsignificant

Exposure time

2d

0.1837

24.6238
0254

112.823°®

0.277"
32.2901C
0.250"
22.050a8

* %

20d

0.513cA
51.527pA
0.08cA
214.2637
0.4570A
206.3877
0.500cA
36.1300A

* %

Duration after exposure

14d (34)

0.3077
52.1700A
0.0607
129.913°®
0.4577
114.657°®
0B

26.487°®

* %
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SL

NS

NS

* %

NS

* %

* %

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.



Table 4.20 Cadmium contentin shoot of the plants exposed to 0 and 20 ppm Cd

treatment
ShootCd (ppm)  Cd (ppm) Exposure time
2d 8d

1.1 aquatica 0 0.183® 0.693°a

20 18.717® 16.837®
2.B. oleracea 0 0.25% 0.040cA

20 57.957® 138.390~
3. E. prostrata 0 0.277® 0.0400

20 35.883@ 87.967hAB
4. C. barbata 0 0.2507 R

20 37.027® 129.843™

SL

** =significantatp < 0.01
* = significantat p < 0.05

NS =not significant

Duration after exposure

14d (22)

0.393cAB
47.957bA
0.060cA
126.9007
1.017cA
125.213»
OcA
63.730@

* %

5

SL

* %

NS

* %

* %

NS

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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4.2 Relationship of treatments and parameters

Tables 4.21 and 4.22 show the correlation between all parameters and each treatment
(0 and 5 ppm Cd and 0 and 20 ppm Cd). Cadmium contentin rootand shootwere highly
correlated with each treatmentat every stages of Cd exposure, whereas leafarea only correlated
to the treatment after exposure for some periods. Similar results were found in the chlorophyll
contents. In contrast, RWC only correlated with the treatments when the Cd was maintained in
the culture solution, while proline showed significant correlation when plant reached the

maximum stress atday 20 and day 8 for 5 and 20 ppm treatment, respectively.

As for the correlation pairs among individual parameters, the selected pairs were Cd
contentin planttissues related to all parameters as shown in Tables 4.23 to 4.26, and RWC
related to proline as presented in Table 4.27. A ll parameters, exceptproline, were inversely
related to Cd contents in plants. RootCd contentwas highly correlated with proline almostall of
the studied period. Insignificantwas found in 20 ppm Cd treatmentatday 22. RWC followed
the same trend like proline, but was only significantatp < 0.05 ofthe 5 ppm Cd treatment. Shoot
Cd contentwas highly correlated only atthe final day of Cd exposure. However, the correlation
between shoot Cd and RW C was notobserved. Leafarea, chlorophyll aand chlorophyll a+b
were correlated with the plant Cd content when the stress had developed for a long time. The
high concentration treatment was more likely to correlate with these parameters. Obviously, root

Cd contentwas highly correlated with shoot Cd content.

Proline was highly correlated with RWC when I. aquatica, B. oleracea and E. prostrata
exposed to 20 ppm Cd in nutrient solution (Table 4.27). At5ppm Cd in the nutrient solution,
only I. aquatica showed significant relationship between these two parameters. In contrast, no

significant relationship o f these parameters was observed in C. barbata.



Table 4.21 Correlation of each parameter with the 0 and 5 ppm Cd treatment

Parameters Treatment(0and 5 ppm Cd)
2d lid 20d 7d (27) 14d (34)
Proline 0.378 0.422* 0.430% 0.301 0.220
(pmollgFW)
Chlrophyll a -0.075 -0.345 -0.489* -0.435* -0.531*

(mg/gFwW)

Chlorophyll b -0.016 -0.045 -0.443* -0.257 -0.475*

(mglgFw)

Chlorophyll a+b -0.059 -0.257 -0.479* -0.392 -0.524%

(mg/gFwW)

RWC (%) -0.388 -0.523* -0.425* -0.105 -0.040
No. ofleaves 0.115 -0.216 -0.383 -0.355 -0.302
Leafarea (cm2 -0.274 -0.344 -0.656** -0.805* -0.713*

RIS ratio 0.272 0.160 -0.022 0.081 0.192
RootCd (ppm)  0.799* - 0.734%* - 0.557*
Shoot Cd (ppm)  0.664** - 0.723* - 0.781%

¥* = Significantatp <0.01
* = Significantatp < 0.05
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Table 4.22 Correlation of each parameter with the 0 and 20 ppm Cd treatment

Parameters Treatment (0 and 20ppm Cd)
2d 5d 8d 7d (15) 14d (22)
Proline 0.379 0.390 0.451* 0.330 0.150
(pmollgFW)
Chlrophyll a -0.162 -0.165 -0.506* -0.445* -0.531*

(mglgFW)

Chlorophyll b -0.133 -0.084 o -0.409* -0.404*

(mglgFW)

Chlorophyll a+b -0.155 -0.147 -0.493* -0.439* -0.502*

(mg/gFwW)

RWC (%) -0.462* -0.706** -0.769** -0.349 -0.024
No. ofleaves 0.030 -0.152 -0.232 -0.240 -0.273
Leafarea (cm2 -0.338 -() o3kt -0.600** -0.768** -0.857*

RIS ratio 0.166 0.540% 0.224 0.279 0.037
Root Cd (ppm) 0.757** c 0.836% - 0.718%
ShootCd (ppm)  0.833* - 0,759 - 0.878*

** = Significantat p < 0.01

= Significantatp < 0.05



Table 4.23 Correlation between each parameterand root Cd contentofthe 0 and

5ppm Cd treatment

Parameters

Proline ((Imol/gFW)
Chlrophyll a(mg/gFW)
Chlorophyllb(mg/gFW)

Chlorophyll a+b
(mglgFW)
RWC (%)

No. ofleaves

Leafarea (cm2

RIS ratio

¥* = Significantatp < 0.01

Cd contentin root ( 0 and 5 ppm Cd treatment)

2d
0.429*
-0.321
-0.281
-0.311

-0.497*
-0.151
-0.189
-0.023

20d
0.789*
-0.333
-0.283
-0.322

-0.477*
-0.382

-0.459*
-0.063

* = Significantat p < 0.05

14d (34)
0.611%
0.379
10.332
0.371

-0.476%
-0.394
-0.335
-0.151

Table 4.24 Correlation between each parameterand root Cd content ofthe 0 and

20 ppm Cd treatment

Parameters

Proline (JJ.mol/gFW)
Chlrophyll a(mg/gFW)
Chlorophyllb(mg/gFW)

Chlorophyll ath
(mglgFW)
RWC (%)
No. ofleaves
Leafarea (cm2)
RIS ratio
** = Significant at p < 0.01

Cd contentin root (0 and 20 ppm Cd treatment)

2d
0.688**
-0.251
-0.165
-0.229

-0.710%
-0.227
-0.268
-0.055

8d
0.806*
-0.298
-0.189
-0.270

-0.666%

-0.266
-0.464*
0.296

* = Significant at p <0.05

14d (22)
0.237
-0.499*
0378
0.472*

-0.343
-0.325

-0.532**

-0.067
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Table 4.25 Correlation between each parameter and shoot Cd content ofthe 0 and

5ppm treatment

Parameters Cd contentin root (0 and 5 ppm Cd treatment)
2d 20d 14d (34)
Proline (pimol/gFW) 0.447* 0.617* 0.384
Chlrophyll a(mg/gFW) -0.260 -0.356 -0.496*
Chlorophyll b(mg/gFW) -0.220 -0.203 -0.372
Chlorophyll atb (mg/gFW) -0.250 -0.317 -0.466*
RWC (%) -0.460* -0.386 -0.257
No. ofleaves -0.194 -0.234 -0.214
Leafarea (cm?2 -0.069 -0.362 -0.442*
RIS ratio -0.084 0.076 -0.295
Root Cd (ppm) 0.952%* 0.826% 0.749%

¥+ = Significantatp < 0.01 * = Significantat p < 0.05

Table 4.26 Correlation between each parameter and root Cd content o fthe 0 and

20 ppm treatment

Parameters Cd contentin root ( 0 and 20 ppm Cd treatment)
2d 8d 14d (22)

Proline ((J,moligFW) 0.396 0.569% 0.306
Chlrophyll a(mg/gFW) -0.348 -0.287 -0.515%*
Chlorophyllb(mg/gFW) -0.283 -0.191 -0.315
Chlorophyll ath (mg/gFW) -0.332 -0.262 -0.465*
RWC (%) -0.389 -0.356 -0.217

No. of leaves -0.034 -0.205 -0.147
Leafarea (cm’) -0.281 -0.486* -0.603*¢

RIS ratio 0.066 -0.007 0.052
Root Cd (ppm) 0.889+ 0.826%* 0.868**

** = Significant at p <0.01 * = Significant at p <0.05
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Table 4.27 Correlation between RW C and proline accumulation at each studied period

Treatment l. aquatica

0 and 5 ppm Cd

2d 0.520
lid -0.979%
20d -0.876*
7d (27) :0.245
14d (34) 0.585

0 and 20 ppm Cd

2d -0.555
5 0.787
8d -0.913%
7d (15) -0.840%
14d(22) 0.193

¥* = Significantatp < 0.01
* = Significantatp < 0.05

B. oleracea

0.289
-0.547
-0.473
-0.134
-0.873*

-0.958**
-0.904*
-0.978*
-0.974*
0.412

E. prostrata

-0.262
-0.192
-0.430
-0.513
0.418

-0.921*
-0.972*
-0.926**
-0.700

-0.045

c. barbata

0.176
-0.230
-0.437
0.042
-0.188

0.444
-0.798
-0.780
0.006
0.447
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