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6.1.4 Quantity and distribution of Cd in flax tissues 

The product of the flax tissue biomass and the ti ssue Cd concentrations indicated the total 

quantity of Cd removed from the solutions by the plants growing in each treatment solution 

(Fig. 6.8). 
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Figure 6.S Total weight of Cd present in flax tissue. Data represent the total weights of Cd 
(Ilg) present in: (a) root tissue ( ) and (b) shoot tissue (D) . ElTor bars in (b) 
represent SE of mean. 

The resulting total uptake data mirrored the patterns seen previously with the tissue 

concentration data (Fig. 6.6, 6.7). Combining plant biomass yield and tissue Cd 

concentration data resulted in a significant difference in Cd uptake between the Cd only 

and the Cd + BSO(a) solutions. The quantity of Cd which flax was able to remove from Cd 

containing solutions and sequester in harvestable plant tissues was reduced in the presence 

of BSQ. The small reduction in shoot tissue concentration together with the modest shoot 

tissue yield reduction , observed for plants grown in the Cd + BSO(a) solution, combined to 

have a significant reduction in total Cd uptake compared to the Cd only solution (t test 

P<0.05). 

The plants growing In the Cd blank solutions, which must have contained trace Cd 

contamination, were able to accumulate a significant quantity of Cd relative to the solution 

Cd concentration. Flax was observed to readily take up and translocate Cd at solution Cd 

concentrations below the limit of detection (Fig. 6.8) , but at the higher Cd concentration, 

the proportion of Cd taken into flax tissues from solution decreased. 

In all three Cd-containing solutions, the total quantity of Cd removed from solution could 

not be accounted for in the plant tissue. In the Cd, BSO(a) + Cd and BSO(b) + Cd 
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solutions, 1130, 1063 and 1120 /lg of Cd was removed from the 1.5 I of solution, 

respectively, whereas, only 224, 137 and 164 /lg was found in the plant tissues, 

respectively (Fig 6.8). The missing Cd could have precipitated out of solution in the Kilner 

jars as insoluble salts, Cd-root exudate complexes (Dushenkov et al., 1995) or become 

adsorbed onto insoluble particles present in the nutrient solution, such as small quantities 

of vermiculite which may have originated from the growth collars. Some Cd could have 

been loosely bound to the root surface and washed off during the rinsing process (Vasquez 

et al., 1992). 

The effect of the BSO solution on Cd distribution in flax tissue was also seen in the ratio 

rootshoot tissue Cd concentrations (Table 6.1). The control and BSO solutions had similar 

ratios with shoot tissue Cd concentrations 5-6 times greater than root tissue Cd 

concentrations. In contrast, plants grown in the 5 /lg/ml Cd solution had a higher root shoot 

ratio with root tissue Cd concentration 18 times greater than the shoot tissue Cd 

concentration. A similar tissue Cd concentration root:shoot ratio of 17 was previously 

observed in the flax varietal response to metal solutions study (for flax plants grown in 

5/lg/ml Cd solution, Table 5.5; Section 5.2.2.1). In the BSO + Cd solutions, the root:shoot 

ratio was lower than that observed in the Cd solution. Whilst both the root and shoot tissue 

Cd concentrations were reduced by the presence of BSO, the decrease in the root:shoot 

ratio was attributable to a greater reduction in root tissue Cd concentration than shoot 

tissue Cd concentration (Fig. 6.6, 6.7). 

Table 6.1 Relative distribution of Cd in flax tissues. Data shown are the ratio root:shoot 
tissue Cd concentrations of flax plants grown in each treatment solution. Treatment 
solution concentrations are detailed in Table 2.12; Section 2.10. 

Treatment 
Control 
Cd 
BSO(a) 
BSO(a) + Cd 
BSO(b) + Cd 

Root to shoot ratio 
6 

18 
5 

14 
13 

Comparison of total biomass production with total Cd uptake revealed the disparity 

between the distribution of biomass and the distribution of Cd in flax, illustrating some 

major difficulties in considering flax as a potential phytoremediation crop (Fig. 6.9). Most 

of the plant biomass, approximately 85%, was in the easily harvestable shoot tissue 

whereas the majority of the Cd (42-76%) was concentrated in the root tissue. Furthermore, 

comparison of the root to shoot ratio of the control and BSO solutions with the Cd-
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containing solutions indicated that at the higher solution Cd concentration, proportionately 

less Cd was transported to the shoot tissue. This reduction in translocation efficiency as 

solution Cd concentration increased would have to be overcome if a successful 

phytoremediation strategy were to be developed. 
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Figure 6.9 Distribution of plant biomass and Cd uptake between flax roots and shoots. 
Data shown are: (a) the mean weights of root ( ) and shoot (0) biomass expressed 
as a percentage of the mean biomass for each treatment, and (b) the mean weight of 
Cd present in roots ( ) and shoots (0) expressed as a percentage of the total weight 
of Cd taken up by plants grown in each treatment. 

6.1.5 BSO Summary 
The inhibition of flax growth by Cd was not increased by the presence of BSO in contrast 

to previous reports of the response of Cd-tolerant plants to BSO in the presence of Cd 

(Rauser, 1990). BSO did not significantly affect shoot tissue Cd concentrations at either of 

the concentrations considered. However, the combined effect of BSO on plant growth and 

plant tissue Cd concentration, both of which were reduced compared to the Cd only 

solution, resulted in a significant reduction in the quantity of Cd removed from the solution 

by sequestration in flax shoots. The flax response to BSO was dependant on BSO 

concentration as a significant effect was only seen at the higher of the two BSO 

concentrations used in the study. 

The presence of trace quantities of Cd contamination in the control and BSO only solutions 

allowed compruisons to be made between the mobility of Cd in flax at low and high 

concentrations. It was observed that proportionally more Cd was present in tissues of flax 

plants grown in solutions containing Cd below the limit of detection than in tissues of 

plants grown in 5 p,glml Cd solution. The root to shoot Cd concentration ratios of the 

control and BSO only solutions also indicated that Cd is more readily transported to 

harvestable flax tissues when present at low solution Cd concentrations. 
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6.2 Histidine study 

The purpose of this study was to determine the effect of an addition of the amino acid 

histidine on the growth and metal uptake responses of flax plants. Kramer et ai. (1996) 

reported that supplying non-accumulating species with histidine conferred enhanced 

tolerance to Ni and resulted in greater transfer of Ni to shoots. Histidine has also been 

implicated in Cu transport in the xylem of tomato and soya (White et ai., 1981). 

Copper and Ni solution concentrations were chosen at a level which was lethally toxic to 

the plants in the NFf study (Section 5.1.4). These concentrations were designed to verify 

whether an equimolar histidine solution would confer protection to flax plants exposed to a 

lethally toxic metal solution. The composition of the nutrient solutions used are detailed in 

Table 2.13, Section 2.11. 

6.2.1 Growth response of flax plants 

Both root and shoot tissue yields were observed to ascertain the growth response of flax to 

the treatment solutions (Fig. 6.10-6.12). In each of the treated solutions, the root tissue 

yield was markedly reduced compared to the yield of flax plants in the control solution 

(Fig. 6.10). The histidine only solution gave a yield of 59% of the control yield, indicating 

that histidine, in the absence of heavy metal toxicity, had a deleterious effect on flax root 

production. The reduction in root yield for the Ni and Cu solutions was greater than that 

observed in the histidine only solution. The Ni and Cu solutions were not lethally toxic to 

the flax plants grown in the Kilner jars unlike the flax response to the same concentrations 

observed in the NFT study (Fig. 5.3; Section 5.1.5). The difference in flax response to the 

similar concentration in the two different systems may be attributable to the oxidation 

status of the solution or due to a more sensitive root response under the well aerated 

rhizosphere conditions of the NFT system. The NFT system differed from the Kilner jar 

system in that the solution was continually aerated. The roots in the NFT system were also 

constantly exposed to both nutrient solution and air due to the thin nutrient film in the NFT 

troughs, unlike the roots in the Kilner jar system which were completely submerged in the 

nutrient solution and thus exposed to more anaerobic environment. 

Flax root yields in the Ni and Ni + histidine solutions were 25% and 41 % of the control 

solution root yields, respectively (Fig. 6.10). These data indicated that histidine attenuated 

Ni-induced root yield reduction. For the Cu solutions, the situation was reversed. 

Compared to the control flax root yield, the Cu solution gave a flax root yield of 30% 

whilst the Cu + histidine solution gave a root yield of 23%, which was the lowest root 
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yield observed (Fig. 6.10). Thus histidine did not confer any protection to root biomass 

production in the presence of Cu. 
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Figure 6.10 Dry weight of flax root tissue. Values shown denote the mean oven dried 
weight of root tissue (mg) for flax plants grown in each treatment. Percentages 
above the bars represent each treatment root weight expressed as a percentage of 
the control root weight. Treatment solution concentrations are detailed in Table 
2.13 , Section 2.11. 

A more complex situation was observed for shoot yield (Fig. 6.11, 6.12). For flax grown in 

the histidine only solution, there was the same reduction in yield (9%) observed in both 

fresh weight and dry weight shoot biomass compared to the control plants. In the Cu 

solution , the reduction in fresh weight shoot yield was also similar to that of dry weight 

shoot yield compared to the plants grown in the control solution at 19% and 22%, 

respectively (Fig. 6.11, 6.12). For the remaining solutions (Ni , histidine + Ni and histidine 

+ Cu) the reduction in fresh weight yield, when compared to the control plants, was much 

greater (- 2-3 times) than the reduction observed in dry weight yield. 

These data indicated that the presence of histidine had a negligible effect on shoot biomass 

production (Fig. 6.11 , 6.12). The reduction in dry weight biomass was unaffected by the 

presence of histidine in solution as aJl of the metal-containing solutions reduced the dry 

biomass production of flax by approximately 20% compared to the control plants. 
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Figure 6.11 Fresh weight of flax shoot tissue. Values shown denote the mean fresh weight 
(g) of shoot tissue for flax plants grown in each treatment. Percentages above the 
bars represent each treatment shoot weight expressed as a percentage of the control 
shoot weight. Error bars represent SE of mean. The Ni-containing solutions were 
not significantly different nor were the Cu-containing solutions (t test, P>0.05). 
Treatment solution concentrations are detailed in Table 2.13, Section 2.11. 
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Figure 6.12 Dry weight of flax shoot tissue. Values shown denote the mean oven dlied 
weight (g) of shoot tissue for flax plants grown in each treatment. Other details as 
Fig. 6.11. 

The fresh weight biomass was reduced to a greater extent than the dry weight biomass for 

both Ni-containing solutions and for the Cu + histidine solution, suggesting Ni had a 

desiccating effect on the shoot tissue which was not alleviated by the presence of histidine. 

Furthermore, Cu in combination with histidine also had a desiccating effect on the shoot 

tissue although neither Cu or histidine had this effect when present in isolation. 
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6.2.2 Removal of Ni and eu from nutrient solution by flax 

There was a small but initially rapid decrease in the solution Ni concentration over the first 

few days followed by a more gradual decrease over time in both the Ni and the Ni + 

histidine solutions (Fig. 6.13). The reduction in solution Ni concentration was lower in the 

Ni + histidine solution than the Ni only solution, suggesting histidine did not aid Ni 

removal from the contaminated matrix. 

Removal of eu from the eu solution (Fig. 6.14) followed the same initially rapid decrease 

and subsequent more gradual decrease over time seen in Ni, however, the histidine + eu 

solution exhibited a linear decrease in solution eu concentration over time. 
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solution Ni concentrations (Ilglml) for: the control solution ( ___ ), the histidine 
solution ( .... ), the Ni solution (~) and the histidine + Ni solution (~). Error bars 
represent SE of mean. The target concentration for the Ni solution was 9.98 Ilglml 
(Table 2.13; Section 2.11). 
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Figure 6.14 Solution eu concentration during the growth period. Values shown are the 
solution eu concentrations (Ilglml) for: the control solution ( ___ ), the histidine 
solution (---), the eu solution (-A--) and the histidine + eu solution (~). Error 
bars represent SE of mean. The target concentration for the eu solution was 
21.60 Ilglml (Table 2.13; Section 2.11). 
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6.2.3 Flax tissue Ni concentration 

Nickel uptake into root tissue of flax plants was greatest from the Ni only solution 

(Fig. 6.15). The observed root tissue Ni concentration of 4992 {tg/g, from flax grown in the 

10 {tg/ml Ni solution, was 10 times higher than that observed previously for flax plants 

grown in a 1 {tg/ml Ni solution (Fig. 5.15b; Section 5.2.2). Flax plants were grown in 

Kilner jars under similar conditions in both studies, with the exception of the difference in 

Ni concentration, and in both studies flax accumulated -500 times the solution Ni 

concentration in root tissue. The plants grown in the histidine + Ni solution had a root 

tissue Ni concentration less than half that of the plants grown in the Ni only solution. This 

indicated that histidine reduced the proportion of Ni from the nutrient solution which was 

held in the roots. 

6000 

5000 

...---
~ 4000 
:::t 
'-" 

i 3000 
'--' ..... 
~ 2000 

1000 

o 
etrl His Ni His+Ni 

Treatment 

Figure 6.15 Flax root tissue Ni concentration . Data shown are the root tissue Ni 
concentrations ({tg/g) for flax plants grown in each treatment. Data are single 
analyses due to an insufficient yield of root tissue for replicate analyses (Section 
2.11). Treatment solution concentrations are detailed in Table 2.13, Section 2.11. 

Nickel was detected in both the root and shoot tissue of the plants grown in the control and 

histidine only solutions, at a concentration of 14 {tg/g and 15 {tg/g for roots and 7 {tg/g and 

3 {tg/g for shoots, respectively (Fig. 6.15 , 6.16). The Ni present in the control and histidine 

only solutions was below the limit of detection (0.02 {tg/ml; Section 2.12.4.1) in the 

nutrient solution and may have originated as a trace contamination in the stock solutions. 

The flax plants grown in the control solution, therefore concentrated the Ni by >700 times 

in root tissue and by >350 times in shoot tissue. 
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Figure 6.16 Flax shoot tissue Ni concentration. Data shown are the shoot tissue Ni 
concentrations (/Lglg) for flax plants grown in each treatment. Error bars represent 
SE of mean . The Ni-containing solutions were not significantly different (t test, 
P>0.05). Treatment solution concentrations are detailed in Table 2.13, Section 
2.11. 

For plants grown in the two Ni-containing solutions, the situation observed in the shoot 

tissue (Fig. 6.16) was the reverse of that observed in the root tissue (Fig. 6.15). Histidine 

appeared to promote the uptake of Ni into shoot tissue, with a tissue Ni concentration 

-17% greater than that of plants grown in the Ni only solution, however, the shoot tissue 

Ni concentrations in the Ni-containing solutions were not significantly different 

(Fig. 6.16). As was observed in the root tissue, the shoot tissue concentrations were greater 

than previously observed in the flax varietal response to metal solutions study (Table 5.5; 

Section 5.2.2), with both the Ni and histidine + Ni treatments giving a shoot tissue Ni 

concentration more than double that observed in the earlier study (Fig. 5.15a; Section 

5.2.2). The Ni accumulation in the Ni and histidine + Ni plants of 6.5 and 7.5 times the 

solution Ni concentration, respectively (Fig. 6.16), was lower than the accumulation 

observed in the flax varietal response to metal solutions experiment of 23-31 times the Ni 

solution concentration ; this was in contrast to the observed root accumulation which was 

- 500 times the solution concentration in both studies. The reduced accumulation of Ni 

between the flax varietal response to metal solutions study (where the Ni concentration 

was 1 /Lglml) and the histidine study (where the Ni concentration was 10 /Lg/ml) indicated 

that at higher solution concentrations Ni accumulation in shoot tissue was reduced. 
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6.2.4 Quantity and distribution of Ni in flax tissues 

The observed decrease of Ni accumulation in shoot tissue as the Ni solution concentration 

increased was accompanied by an increase in the rootshoot Ni concentration ratio. The 

root:shoot concentration ratio for flax grown in the control and histidine solutions were 

much lower than for the Ni-containing solutions (Table 6.2) indicating that where Ni was 

present in trace quantities «0.02 Jlg/ml), proportionally more of the Ni in the plant was 

translocated to the shoots than in plants exposed to a higher Ni solution. The root to shoot 

Ni concentration ratio for the plants grown in the Ni and histidine + Ni solutions (78 and 

29, respectively) indicated that the presence of histidine increased the proportion of Ni 

present in the shoot tissue relative to the root tissue (Table 6.2). Therefore, histidine 

increased the efficiency of Ni mobilisation to shoot tissue. 

Table 6.2 Relative distribution of Ni in flax tissues. Data shown are the ratio rootshoot 
tissue Ni concentrations of flax plants grown in each solution. Treatment solution 
concentrations are detailed in Table 2.13, Section 2.11. 

Treatment 

Control 
Histidine 
Nickel 
Histidine +Nickel 

Root to shoot ratio 

2 
6 

78 
29 

The mean rootshoot Ni concentration ratio in the flax varietal response to metal solution 

study (where the Ni concentration was 1Jlg/ml) was 18 (Table 5.5; Section 5.2.2.1). This 

ratio was greater than that observed in the control and histidine solutions but less than that 

of the Ni and histidine + Ni solutions. Therefore, these data have shown that as the Ni 

solution concentration increased, translocation of Ni to shoots, as a proportion of total Ni 

in plant tissue, decreased. 

The product of the flax tissue Ni concentration and the flax tissue weight gave the total 

weight of Ni taken up into the flax tissue (Fig. 6.17). Plants grown in the histidine + Ni 

solution contained 30% less Ni in their roots than those grown in the Ni only solution. 

However, the plants grown in the histidine + Ni solution, contained 20% more Ni in their 

shoots than those grown in the Ni only solution. Of the plants grown in each of the 

treatment solutions, more than 90% of the plant biomass was present as shoot tissue, with 

the highest percentage (97%) present in the plants grown in the Ni only solution 

(Fig.6.18a). The plants exposed to trace amounts of Ni (the control and histidine 

treatments) were able to transport 70-80% of the plant tissue Ni to their shoot tissue, 

however, the plants exposed to the 9.98 mg/l Ni solutions only transported 27-38% of the 

Ni to their shoot tissues (Fig. 6.18b). Although the histidine + Ni treatment had 16% less 
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Ni present in the flax tissues than the Ni only solution, the histidine + Ni solution did 

increase the proportion of Ni present in shoot tissue compared to the Ni only solution. This 

indicated that histidine reduced the overall plant Ni uptake but increased the proportion of 

the Ni which reached the shoot tissue. 
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Figure 6.17 Total weight of Ni present in flax tissue. Data represent the total weight of Ni 
(J.Lg) present in: (a) root tissue ( ) and (b) shoot tissue (0). Error bars in (b) 
represent SE of mean. Shoot Ni uptake from the Ni-containing solutions was not 
significantly different (t test, P>0.05) . Treatment solution concentrations are 
detailed in Table 2.13, Section 2.11. 
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Figure 6.18 Distribution of plant biomass and Ni uptake between flax roots and shoots. 
Data shown are: (a) the mean weights of root ( ) and shoot (0) biomass expressed 
as a percentage of the mean flax biomass for each treatment, and (b) the mean 
weight of Ni present in roots ( ) and shoots (0) expressed as a percentage of the 
total weight of Ni taken up by plants grown in each treatment. Treatment solution 
concentrations are detailed in Table 2.13, Section 2.11. 
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6.2.5 Flax tissue eu concentration 
Copper, like Ni, was detected in root and shoot tissue of the plants grown in the control 

and histidine only solutions at 86 and 39 p,glg for roots and 14 and 12 p,glg for shoots, 

respectively (Fig. 6.19, 6.20). The solution Cu concentration for these treatments was 

below the detection limit, therefore, trace quantities of Cu present in the nutrient solution 

were less than 0.05 p,g/ml (Section 2.12.4.1). 
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Figure 6.19 Flax root tissue Cu concentration. Data shown are the root tissue Cu 
concentrations (p,glg) for flax plants grown in each treatment. Data are single 
analyses due an insufficient yield of root tissue for replicate analyses (Section 
2.11). Treatment solution concentrations are detailed in Table 2.13, Section 2.11. 

600 

500 

~ 400 
~ 

S 300 
~ 
'0 
..2 200 
en 

100 

o 

1---. 

~ 

-

-- -

Crtl His 

Treatment 

I 
1 

--------

T 

J. 

- ---

Cu His+Cu 

Figure 6.20 Flax shoot tissue Cu concentration. Data shown are the shoot tissue Cu 
concentrations (p,glg) for flax plants grown in each treatment. En"or bars represent 
SE of mean. The Cu-containing solutions were significantly different (t test, 
P<0.05). Treatment solution concentrations are detailed in Table 2.13, Section 
2.11 . 
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Flax plants grown in the Cu only solution were able to accumulate 4964 /lg!g Cu in their 

roots (Fig. 6.19), a concentration similar to the root Ni concentration of the plants grown in 

the Ni only solution (Fig. 6.15). However, the flax root tissue Cu concentration was an 

accumulation of 230 times the Cu solution concentration (22 /lg!ml), which was less than 

half the accumulation of Ni by root tissue of flax. The flax root tissue Cu concentration 

was recorded in previous experiments as 1196 /lg!g which was 598 times more 

concentrated than the 2.0 /lg!ml Cu solution (Section 5.2.2). Furthermore the accumulation 

of Cu in the root tissue of the plants grown in the control solution was> 1700 times the 

solution concentration. These results combined indicated that as the Cu concentration 

increased, the proportion of soluble Cu in the rhizosphere entering the root tissue 

decreased. This reduction in metal uptake relativelo the solution concentration was seen in 

both Cd and Ni. 

The presence of both histidine and Cu in equimolar concentrations, produced a root tissue 

Cu concentration of 6500 /lg!g which was 30% greater than observed for the Cu only 

solution (Fig. 6.19). This increase in root tissue Cu concentration by histidine was the 

reverse of the effect histidine had on root tissue Ni concentration (Fig. 6.15). 

The shoot tissue Cu concentration of the plants grown in the histidine + Cu solutions 

(190/lg!g) was less than half that of the plants grown in the Cu solution (447 /lg!g) 

(Fig. 6.20). Thus, the presence of histidine and Cu together at equimolar concentrations 

was observed to significantly reduce Cu transport to shoot tissue, the reverse of the effect 

histidine had on Ni transport to shoots. The shoot tissue Cu concentration of the plants 

grown in the Cu only solution represented a Cu accumulation of 21 times the solution Cu 

concentration compared to the histidine + Cu solution plants which accumulated only nine 

times the solution Cu concentration. The efficiency of flax in removing Cu from the 

rhizosphere to the harvestable shoot tissue was therefore reduced by >50% by the presence 

of histidine. 
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6.2.6 Quantity and distribution of Cu in flax tissues 

The observed reduction in efficiency of Cu transport in the presence of histidine resulted in 

a root:shoot tissue Cu concentration of 34 for the histidine + Cu solution compared to 11 

for the plants grown in the Cu only solution (Table 6.3). The rootshoot Cu concentrations 

in the control and histidine solutions of six and three, respectively, indicated that when Cu 

was present in trace quantities, flax plants efficiently translocated the metal from the root 

to the shoots. In the flax varietal response to metal solutions experiment the root:shoot Cu 

concentrations observed for the plants exposed to 2 JLglml Cu was 70 (Table 5.5; Section 

5.2.2.1) which was greater than the ratio in both the plants exposed to only trace amounts 

of Cu and the plants grown in the 22 JLglml Cu solutions. The combination of these results 

only partially agreed with the pattern observed in both Cd and Ni of decreasing 

translocation from roots to shoots with increasing metal solution strength. The proportion 

of plant accumulated Cu present in shoot tissue was greater in the plants exposed to trace 

quantities «0.05 JLglml Cu) than more contaminated metal solutions (22 JLglml), however, 

the lowest translocation was observed in previous work at a low Cu concentration 

(2 JLglml; Section 5.2.2.1). 

Table 6.3 Relative distribution of Cu in flax tissues. Data shown are the ratio mean 
rootshoot tissue Cu concentrations of flax plants grown in each solution. Treatment 
solution concentrations are detailed in Table 2.13, Section 2.11. 

Treatment 

Ctrl. 
His 
Cu 
His+Cu 

Root to shoot ratio 

6 
3 

11 
34 

The total quantity of Cu removed by roots of the flax plants grown in the Cu only solution 

(96 JLg) was similar to that of the histidine + Cu solution (98 JLg) (Fig. 6.21a). The 

similarity of the Cu removal by roots in the two Cu-containing solutions was owed to an 

increase in root tissue Cu concentration in the plants grown in the histidine + Cu solution 

(Fig. 6.19) being counterbalanced by a lower root yield in these plants compared to the 

plants grown in the Cu only solution (Fig. 6.10). Thus, histidine increased root tissue Cu 

concentration but inhibited root biomass production resulting in no net effect on Cu 

removal from solution by roots. 
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Figure 6.21 Total weight of Cu present in flax tissue. Data represent the total weight of eu 
(Jlg) present in root tissue (a ) and shoot tissue (b 0). Error bars represent SE of 
mean. Shoot uptake of Cu from the Cu-containing solutions were significantly 
different (t test, P<0.05). Treatment solution concentrations are detailed in Table 
2.13, Section 2.11. 

Due to the similarity in shoot yields for the Cu and histidine + Cu solutions (Fig. 6.12), the 

total uptake of Cu from these solutions followed the same pattern as the shoot tissue 

concentrations (Fig. 6.20). The total uptake of Cu by flax shoots in the Cu and histidine + 

Cu solutions was 203 Jlg and 85 Jlg, respectively (Fig. 6.21b). Histidine therefore inhibited 

the quantity of Cu flax plants were able to remove from solution and translocate to their 

shoot tissue. The effect of histidine on Cu uptake to shoots was the opposite of the effect 

on Ni shoot uptake (Fig. 6.17). 

Of the plant biomass grown in each of the treatment solutions, ~90% was shoot tissue 

(Fig. 6.22a). However, in the histidine, Cu and histidine + Cu solutions the proportion of 

plant biomass present as root tissue decreased compared to the control. The proportion of 

the total weight of Cu taken up by flax, which was present in the shoot tissue of the plants 

exposed to the Cu and histidine + Cu solutions, was greater than the proportion of the total 

weight of Cd and Ni present in the shoot tissues in the plants exposed to the cOlTesponding 

Cd and Ni solutions (Fig. 6.9b, 6.18b, 6.22b). The 46% Cu loading present in the shoot 

tissue of plants grown in the histidine + Cu solution compared to 68% in the plants 

exposed to the Cu only solution (Fig. 6.22b) illustrated the reduction in phytoremediation 

efficiency of the flax-Cu system caused by histidine. This was the only solution where the 

plant shoot tissue Cu loading was less than half of the total plant Cu uptake. 
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Figure 6.22 Distribution of plant biomass and Cu uptake between flax roots and shoots. 
Data shown are: (a) the mean total weights of root ( ) and shoot (D) biomass 
expressed as a percentage of the flax mean biomass for each treatment, and (b) the 
mean weight of Cu present in roots ( ) and shoot (D) expressed as a percentage of 
the total weight of Cu taken up by flax plants grown in each treatment. Treatment 
solution concentrations are detailed in Table 2.13, Section 2.11. 

6.2.7 Histidine summary 

As was seen with Cd in flax tissues (Section 6.1.4), the total quantity of metal , both Ni and 

Cu, removed from solution (Fig. 6.17, 6.21) was not accounted for in flax tissues: 86-99% 

of the metal removed from solution was not accounted for in flax tissues. Like Cd, the 

missing Cu and Ni may have precipitated out of solution, become adsorbed onto insoluble 

particles or lost during the sample washing process. The difference in removal of Cu from 

solution (Fig. 6.14) between the Cu only and the Cu + histidine solutions was not reflected 

in Cu uptake by the plants grown in these solutions (Fig. 6.21). Together, these data 

suggest that histidine increased Cu removal from solution but did not increase Cu uptake 

into flax tissue. 

The growth response of flax plants in the combined Ni and histidine solutions (Fig. 6.10-

6.12) suggested that, with the exception of some protection against Ni-induced root yield 

reduction, histidine did not playa role in protecting flax tissues from the yield inhibiting 

effects of Ni. These results contradicted those of Kramer et al. (1997), who repOlted that 

histidine, when supplied in solution, confened Ni tolerance to a non-tolerant plant species 

(Alyssum montanum). The growth response of flax plants in the Cu solution was also not 

affected by the presence of histidine. Several of the treatments reduced the moisture 

content of the flax plants (Fig. 6.11 , 6.12; Ni , His + Ni , His + Cu), however, during the 19-

d growth period of the experiment, this desiccation did not impair dry biomass production. 
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For flax plants grown in Cu and Ni solution, the equimolar presence of histidine in the 

solution did not contribute to increased phytoextraction of either element. Histidine 

reduced the root tissue Ni concentration of plants grown in the histidine + Ni solution but 

did not significantly increase the shoot tissue Ni concentration. The total quantity of Ni 

removed from the Ni + histidine solution was lower than from the Ni only solution, but 

proportionally more Ni was present in the shoot tissue of the plants exposed to the Ni + 

histidine solution. At the concentrations considered, the effect of histidine on Ni tolerance 

and uptake was marginal. Flax root tissue Cu concentration was greater in the histidine + 

Cu solution than in the Cu only solution whilst the shoot tissue Cu concentration of the 

plants exposed to both Cu and histidine was lower than those exposed only to Cu. 

Histidine, therefore, reduced the ability of flax to translocate Cu to its' above ground 

biomass possibly via Cu-histidine complex sequestered in the root tissue. 

The presence of trace quantities of Ni and Cu contamination in the control and histidine 

only solutions allowed comparisons to be made between the mobility of the elements in 

flax at low and high concentrations. It was observed that proportionally more Ni and Cu 

were present in tissues of flax plants grown in solutions containing each element below the 

limit of detection than in tissues of plants grown in more concentrated metal solutions. The 

root to shoot metal concentration ratios of the control and histidine only solutions also 

indicated that both Ni and Cu were translocated with greater efficiency to harvestable flax 

tissues when present at low solution metal concentrations. These findings were in line with 

the behaviour observed for Cd at low and high solution concentrations (Section 6.1.6). 
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7 Discussion 

Industrial activities have resulted in the contamination of land, particularly in and around 

populated areas (Scottish Executive, 2001). Contaminated land is a source of pollutants 

which could adversely affect both human health and the wellbeing of the environment, in 

addition to preventing economic regeneration of such land and adjoining areas (SEP A, 

2001). The remediation of the many contaminated sites both in Scotland and globally is an 

important goal for current and future generations (Scottish Enterprise, 2001). 

Phytoremediation has the potential to be a sustainable and economic solution to the 

problem of contaminated land (Salt et ai., 1998). 

Ph ytoremedi ati on , firstly provides a plant cover, which prevents migration of dust and 

particulate matter off-site (Stomp et ai., 1993; Vangronsveld et ai., 1995) and secondly, 

can remove or detoxify soil contaminants (Cunningham et ai., 1996; Pulford et ai., 2001, 

Lasat, 2002). Phytoremediation of metal contaminated land requires the plants to take up 

and subsequently compartmentalise the contaminant metals in harvestable tissues (Kumar 

et ai., 1995). To date, hyperaccumulators (Kramer et ai., 1997; L'Huillier and Edighoffer, 

1996; Reeves et ai., 1996) and high biomass crops, including some brassica species and 

trees, have been investigated as phytoremediator crops for metals (Blaylock et ai., 1997; 

Pulford and Watson, 2002; Robinson et ai., 1999), but little interest has been paid to other 

industrial crops which may have economic benefit as raw materials for either bio-fuel, 

industrial oil or fibre industries. In the current work, an assessment was made of four 

potential phytoremediator crop species: flax, miscanthus, nettle and oilseed rape. In order 

to evaluate the suitability of each plant species as a ph ytoremediator, their response to 

matrices containing metals commonly associated with contaminated land: Cd, Cr, Cu, Pb, 

Ni and Zn (Alloway, 1995; Neale et ai., 1997; Nriagu and Pacyna, 1988; Ross, 1994) was 

observed. This work considers plant species, which, like short rotation coppice, have the 

ability to generate an income but, unlike trees and in common with other herbaceous 

species, including hyperaccumulators, have the ability to generate plant biomass for 

harvest annually. 

For a phytoremediation strategy to be successful, the plant species of interest must be able 

to establish itself in the contaminated matrix a phase which has been highlighted as the 

period when plants are most sensitive to metal toxicity (Pulford and Watson, 2002; 

Punshon and Dickinson, 1999). 
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Germination was investigated to elucidate if plant behaviour at this initial growth stage 

was an indicator of plant tolerance to metal contamination. The germination response of 

flax and oilseed rape seeds, in specially created micro-growth chambers, revealed that 

germination was unaffected by Cd, Cu, Pb or Ni at concentrations of 500 j.tg/ml and by Zn 

at 1000 j.tg/ml, but was reduced in Cr at 1000 j.tg/ml by 5-25%. At higher concentrations, 

flax seeds were able to initiate germination but did not germinate successfully in Cd, Cu 

and Ni. Additionally, seeds which successfully germinated exhibited poor growth with the 

exception of those exposed to Pb. 

The oilseed rape and flax seeds' ability to germinate in all but the highest solution 

concentrations suggested that that these seeds were able to tolerate highly contaminated 

solution concentrations. However, this conclusion was not supported by subsequent results: 

the stunted shoot lengths of germinated flax plants, the poor emergence and survival data 

of flax and oilseed rape plants grown in the Tl and T2 soils (with the exception of the Pb 

soil), and the lethally toxic solution concentrations found in the NFf study. Germination 

data alone did not provide a guide to the plants' ability to survive exposure to 

contaminated soils. Using flax as a model system, a more accurate predictor of growth 

response of plants to metal polluted soils may be the shoot lengths of seedlings germinated 

in metal containing solutions. This proposal is supported by the case of Pb, where the 

combined germination and shoot length results for Pb in the germination study were in 

agreement with the emergence and survival rate of Viking in the PbTl soil. 

Establishment of the rhizomatous plants was observed as part of the pot experiments. The 

emergence and survival data observed for the miscanthus and nettle rhizome pieces, as 

well as for the flax seeds, in the Tl and T2 soils indicated that plant responses varied both 

between metals and between concentrations of the same metal. 

Miscanthus was the species most tolerant of the highly contaminated Tl and T2 soils of 

Pot Experiment One in terms of establishment and survival. All but two miscanthus 

treatments (CdTZ and ZnTZ) had plants surviving until the end of the growth period, 

furthermore, in several of the miscanthus-soil systems, all the plants that initially emerged 

survived to the end of the growth period. The remaining miscanthus-, nettle- and flax-soil 

systems in Pot Experiment One exhibited various toxicity symptoms. Toxicity ranged 

from: emergence of plants with only partial mortality prior to the end of the growth period; 

emergence of plants all of which subsequently died prior to the end of the growth period, 

as was the case for all species grown in the CdT4 soil; failure of plants to emerge as in the 

two flax-Ni systems. Unlike flax and nettle, none of the treatments were sufficiently toxic 
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to prevent miscanthus shoot emergence as all treatments initially produced some 

miscanthus shoots. Following subsequent growth of the emerging seedlings, sewage sludge 

and Phon soils had the highest yields, relative to the control plants, for all three species. The 

lack of toxicity found in the Pb soils may have been due to the low mobility of Pb in the 

soil system (Epstein et aI., 1999; Lasat 2002). In the NiT! and NiT2 soils, however, no nettle 

or flax plants survived, and miscanthus growth was also poor. In the T3 and T4 soils of Pot 

Experiment Two all of the species were able to establish and survive to the end of the 

growth period indicating that these more marginally contaminated soil metal 

concentrations were not prohibitively toxic for plant growth. For flax, the concentrations 

found to be lethally toxic in the NFT study were in agreement with the poor survival of 

flax plants in the Tl and T2 soils. The Tl and T2 soils had CaCh-extractable soil 

concentrations greater than the concentrations found to be lethal in all but two soils, CUTl 

and PhTh which were also the soils which had the best flax survival. 

Potential phytoremediator species should not only have the ability to become established in 

the contaminated matrix but subsequently produce sufficient plant biomass to act as a sink 

for sequestered metals. The highest tissue metals concentrations recorded in the plant 

species grown in the highly contaminated soils were 868-969 JLg Zn/g in the miscanthus­

ZnT! soil system and 852-919 JLg Cdlg in the nettle-CdTl soil system. These uptakes were 

much higher than for any of the other species-soil systems. The Cd and Zn uptakes from 

these soils compared favourably with uptake of these metals by tree species grown 

previously in the same soils (McGregor, 1999). In particular, nettles had a tissue 

concentration between 2-10 times greater than poplar, pine and willow grown in the CdTl 

soil. In the case of Zn, miscanthus was able to accumulate approximately the same tissue 

Zn concentration as the poplar species (which was more than the pine species but less than 

the willow species) considered by McGregor (1999). In addition to the high metal 

concentration in the above ground tissue, the yield of the ZnTl-miscanthus plants was also 

high, making the ZnT!-miscanthus system the most promising potential candidate for 

phytoremediation observed in the Pot Experiment One soils. 

Total tissue metal concentrations in the marginally contaminated soils were greatest in the 

nettle-ZnTI and -ZnT4 soils. In these plant-soil systems the tissue Zn concentrations of 

1385-1937 JLg/g exceeded the maximum plant tissue Zn uptake recorded in the more 

contaminated Tl and T2 soils. The nettle tissue Zn concentrations observed in the T3 and 

T4 soils and the miscanthus tissue Zn concentrations in the Tl soil, were higher than those 

reported for non-accumulating willow clones but were lower than those reported for the 

hyperaccumulator Thlaspi caerulescens (Baker et ai. 1994; Brown et ai., 1995a; Pulford et 
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al., 2002; Punshon and Dickinson, 1997a & b; Riddell-Black, 1994) Oilseed rape tissue Cu 

concentrations of the plants grown in the CUT3 and CUT4 soils (50 flg/g and 38 flg/g, 

respectively) also exceeded the aerial tissue concentrations of all species surviving in the 

CUTl soil, and was greater than the Cu concentrations reported for willow clones. For Cd 

(at 52 flg/g), Cr (at 18 flg/g) and Cu, the maximum tissue metal concentration was 

recorded in the oilseed rape plants. The species with the greatest tissue Pb and Ni in the Pot 

Experiment Two soils was nettle at 107 flg/g and 190 flg/g, respectively, which 

represented relatively high shoot tissue concentrations of these metals (Pulford et al., 2002; 

Punshon and Dickinson, 1997a). 

The behaviour of individual metals in highly contaminated soils differed between plant 

species; for instance, in the CdTl-nettle system, the Cd was very mobile, present at > 250% 

of the soil total metal concentration, and there was slightly more Cd in the leaves than 

stems. In contrast, Cd mobility in the CdTl-miscanthus system was much lower, with Cd 

present at < 60% of the soil total metal concentration and the leaf tissue Cd content > 10 

fold that of the stem tissue. Behaviour between metals within an individual plant species 

also differed; for miscanthus grown in the Tl soils, Cd and Pb were deposited 

preferentially in the leaf tissue whereas Cu, Zn and Ni were deposited equally between 

stem and leaf tissues, and miscanthus tissue Zn concentrations were five fold greater than 

the next most accumulated metal. These observations indicated that it is not possible to 

make generalisations about the quantity of metal taken up or distributed in plants, rather 

each metal-plant species system must be considered individually. 

For miscanthus grown in the Tl soils, the leaf tissue concentrations of Cd and Pb were 11 

times and 2.3 times greater than the stem tissue concentration, respectively, suggesting that 

the plants were actively transporting metal to the leaves rather than passively depositing 

metal on exchange sites along the transpiration stream. This implies that the metals were 

transported as soluble metal-<:helate complexes such as the Cd-PC complex described for 

Cd (Grill et al., 1985; Rauser, 1990). The leaf tissue concentration of both Cd and Pb may 

be attributable to sequestration in particular compartments such as has been observed in 

trichomes (Martell, 1974; Salt et al., 1995). 
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Sequential extraction of the highly contaminated Tl and T2 soils revealed that the 

mobilities of soil metals, relative to the soil total metal concentration, varied according to 

the strength of the extracting agent. In the most mobile fraction (CaClz-extractable) the 

metals fell into two distinct groups where Cd, Zn and Ni were more mobile than Cu, Pb 

and Cr. In marginally contaminated soils (T3 and T4 soils), the mobilities of the metals 

followed the same general pattern, for all four plant species considered, as observed in 

highly contaminated soils. This pattern of metal behaviour has also been observed in trees 

(Pulford and Watson, 2002; Watson, 2002). In all four plant species, Cr was the least 

mobile of the metals with tissue Cr concentrations < 5% of the soil total Cr concentration, 

therefore, at around ICRCL threshold trigger values, Cr was the metal least suited for 

phytoremediation using flax, miscanthus, nettle or oilseed rape. Chromium is known to 

have a low soil mobility (Neale et al., 1997) which was confirmed by the minimal quantity 

extracted by EDT A relative to the total soil Cr content. 

Cadmium, Ni and Zn were all accumulated in the harvestable tissue of one or more of the 

plant species considered. These metals, particularly Ni and Zn, are those most often 

reported to be hyperaccumulated by plants endemic to metaliferous soils (Gabbrielll et al. 

1990; LHuillier and Edighoffer, 1996; Reeves et ai., 1996). The greatest accumulation of 

metal from the marginally contaminated soils observed was the uptake of Cd by flax and 

oilseed rape. Both plant species accumulated more than ten times the soil total Cd metal 

concentration (> 1000% ). Zinc was accumulated by nettle plants at a tissue Zn 

concentration -550% that of the soil Zn concentration representing the second highest 

metal uptake observed. For each of the metals studied, with the exception of Pb, the plant 

species with the lowest uptake was miscanthus whilst the plant species in which metals 

were most mobile were oilseed rape and nettle. Oilseed rape and nettle, however, were the 

two species which consistently had the lowest yield in each treatment and consequently 

these plant species did not remove the greatest weight of metal from the marginally 

contaminated soils. Miscanthus was the plant species able to remove the greatest weight of 

metal from each of the Cr, Cu, Pb, Ni and Zn soils by virtue of it's high biomass relative to 

the other crops. 

The mobility of the metals in the sewage sludge soil-plant systems was much lower than 

the metal mobilities in the corresponding artificial soil-plant systems. The differences in 

soil processes between the sewage sludge- and artificial soil-plant systems, responsible for 

the reduction in metal mobility, had the least effect on Cu. The positive growth response of 

all plant species in the sewage sludge soil, despite its high metal content, demonstrated that 

soil metal loading alone does not determine plant growth response to the soil. The low 
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metal uptake from the sewage sludge soil, which corresponded to low soil metal 

concentrations in the CaCh extractions, highlighted the important limitation soil metal 

availability has on the potential for successful phytoremediation (Lasat, 2002). 

Plant yield responses to the impoverished soil matrices, used in the marginally 

contaminated soils compared to the sewage sludge soils, indicated that soil properties such 

as soil structure and nutrient status may be as important for successful phytoremediation as 

soil total metal concentrations. Robinson et al. (1999) were able to triple the yield of the 

hyperaccumulator Alyssum bertolonii using fertiliser additions. The potential of oilseed 

rape and nettle to act as phytoremediation crops may be significantly improved by 

providing the plants with a more favourable growth medium, in particular by using 

fertilisers, as indicated by the growth response of these species when grown in the sewage 

sludge soils. The plant tissue metal concentrations achieved by these plant species may 

warrant further investigation of their potential as phytoremediators. 

An initial NFl' system was set up, which, with subsequent refinement, produced a system 

that minimised algal growth and solution evaporation whilst maximising operational 

efficiency. Investigation of solution metal concentrations required to cause fatality of flax 

plants in the NFl' system found lethally toxic doses of Cr (2 JLg/ml), Ni (10 JLg/ml) and Zn 

(lOOJLg/ml) whilst near lethal doses of Cd and Cu were found to be 20 JLg/ml and 15 JLg/ml, 

respectively. The CaCh-extractable metal concentrations in the Pot Experiment One soils 

were higher than these fatally toxic concentrations, with the exception of the Pb and CUT! 

soils. The lethally toxic solution concentrations were considerably lower than the solutions 

which allowed flax and oilseed rape germination. The values found to be toxic in the NFT 

study, for Cu and Ni, were similar to toxic levels in barley and ryegrass reported by Davis 

and Beckett (1978). The lethal concentrations found in the NFT study were used in 

choosing the metal concentrations for consideration in subsequent hydroponic experiments. 

Cieslinski et al., (1996) and Lukipudis, (1994) reported that the efficiency with which flax 

removed Cu, Pb and Cd from soils was dependent on the variety of flax used. Studies using 

other species have also shown differences in both metal uptake and yield response to soils 

with high metal concentrations within species according to the variety/clone used (Huang 

and Cunningham, 1996; Pulford et al., 2002; Punshon and Dickinson, 1997b; Riddle­

Black, 1994). Twelve flax varieties were grown in solutions containing each of the six 

metals at concentrations below those found to be lethally toxic in the NFT study, these 

concentrations were chosen to allow identification of varieties both more and less tolerant 

of the metals than variety Viking used in the NFT study. There was little or no genotypic 
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advantage in the growth response between flax varieties to the six metals at the 

concentrations studied. In general the differences in metal uptake between varieties were 

small, however, there were significant differences in metal uptake into shoot tissue 

between the flax varieties. Viola and Hermes were the varieties most able to accumulate 

metal (Cd and Pb, respectively) in their shoot tissues. Viola was the variety most 

consistently able to accumulate high tissue metal concentrations. 

The distribution of metals in the tissues of flax plants grown in hydroponic solutions fell 

into two groups: Cd, Ni and Zn were transferred readily from roots to shoots and Cr, Cu 

and Pb were held in roots with a much lower proportion, if any, of the plant metal burden 

being found in the shoot tissue. Cadmium, Ni and" Zn elements were accumulated in shoot 

tissue at 27-37 times the solution concentration whereas Cr, Cu and Pb shoot 

concentrations were < 9 times the solution concentration. These findings were in line with 

the results obtained in the pot experiments. 

Plants have been reported to detoxify metals in their tissues using phytochelatins (Section 

1.2.6.1). Synthesis of glutathione, an essential precursor of PCs, is known to be inhibited 

by buthionine sulphoximine (BSO). The simultaneous exposure of plants to both Cd and 

BSO has been shown to cause Cd-induced toxic stress due to the absence of PCs but plants 

do not exhibit this stress when exposed to Cd in the absence of BSO (Rauser, 1990~ 

Gussarsson et ai., 1996). In contrast, the present work did not show increased Cd-induced 

growth inhibition in the presence of BSO. The presence of BSO did not significantly affect 

the shoot tissue Cd concentration of flax plants grown in the BSO + Cd solutions, however, 

the total quantity of Cd accumulated by shoots was reduced in the plants grown in the more 

concentrated BSO solution (100 JLM). The reduction in total weight of Cd mobilised to 

shoots suggested that glutathione may playa role in allowing flax plants to take up and 

translocate Cd from solution to shoot tissue by allowing the formation of a PC-Cd 

complex. 
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The data also revealed that the response to BSO was dependent on BSO concentration, as 

the 100 /LM BSO significantly decreased metal uptake to shoots whereas the 25 /LM BSO 

solution did not (Clemens et ai., 1999). BSO inhibited the quantity of Cd that can be 

transported from the rhizosphere to flax shoot tissue. The inhibition of PC production by 

BSO did not result in greater Cd mobility in the flax plant system. This suggested that PC­

mediated Cd transport in flax plants is not localised within single cells or discrete tissues 

but that PCs may allow transport of Cd from root to shoot tissue where sequestration into 

vacuoles or specialist tissues may occur (De Knecht et ai., 1994; Ow, 1996; Rauser, 1990; 

Salt et al., 1995; Vogeli-Iang and Wagner, 1990). The results reported here agree with the 

finding of Gussarsson et al. (1996) that birch trees exposed to Cd and BSO had reduced Cd 

accumulation in both root and shoot tissues. 

The uptake and transport of Ni by the hyperaccumulator Alyssum lesbiacum has been 

shown to be facilitated by high concentrations of histidine in xylem sap (Kramer et al., 

1996). Kramer et al. (1996) were also able to confer nickel tolerance to a related non­

tolerant plant species, Alyssum montanum, by supplying the plant with histidine. Supplying 

histidine to the non-tolesrant species in the presence of Ni, doubled biomass production 

and increased xylem transport of Ni. Wheeler et al. (2001) also reported that histidine gave 

Alnus protection against Ni toxicity, however, an increase in translocation of Ni from roots 

to shoots was not observed. 

Histidine has also been implicated in Cu tolerance and transport in plants (Lee et al., 1978; 

White et al., 1981). In this study, the reduction of flax tissue biomass production induced 

by both Ni and Cu toxicity was unaffected by the presence of histidine. The exposure of 

flax plants to equimolar concentrations of Ni and histidine did not significantly affect the 

shoot tissue Ni concentration, however, the combined affect of histidine on biomass 

production and shoot tissue metal uptake caused a significant reduction in the total quantity 

of metal removed from solution by plants grown in the Ni + histidine solution compared to 

plants exposed to the Ni only solution. For flax plants grown in both Cu and histidine, at 

equimolar concentrations, there was a significant decrease in shoot tissue Cu concentration 

coupled with an increase in root tissue Cu concentration. These results indicated that the 

presence of histidine reduced Cu mobility in flax plants by allowing the plant to 

immobilise the Cu in root tissues possibly as an insoluble complex (Dushenkov et ai., 

1995). Histidine did not enhance the ability of flax to tolerate either Cu or Ni solutions and 

reduced the quantity of Cu flax was able to transport to shoot tissue. 
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The results presented have shown that the plant species most tolerant of both highly and 

marginally contaminated soils was miscanthus. Miscanthus also removed the greatest 

quantity of Cd, Cr, Cu, Ni and Zn from the marginally contaminated soils as a result of its' 

high biomass, whereas flax removed the highest quantity of Pb. Nettle and oilseed rape 

were identified as the species which had the highest tissue metal concentrations for each of 

the metals in the marginally contaminated soils. The improvement in nettle and oilseed 

rape yields observed in the sewage sludge soil compared to the poor yields in artificial 

soils indicated that these plant species may have potential for improved growth in 

contaminated soils using soil amendments, in particular fertiliser treatments. These finding 

suggest that oilseed rape and nettle may playa useful role as phytoremediators under 

favourable soil conditions. 

Cultivation may be a hazard during preparation of a seedbed for any annual crop proposed 

for phytoremediation such as flax or oilseed rape. The rhizomatous nature of miscanthus 

and nettle allows the plants to regenerate in successive growing seasons without the need 

for annual sowing. This has the two-fold advantage of significant cost reductions in 

agronomy, and of reduced disturbance and possible dispersal of pollutants during 

cultivation. Miscanthus and nettle, therefore, may be the most appropriate crops for further 

investigation. Miscanthus which has high biomass and a tolerance to metal-containing soils 

may be appropriate for chelate-assisted phytoremediation. Nettle which has shown 

potential to accumulate high tissue metal concentrations could prove successful In 

continuous phytoextraction if higher yields can be achieved through soil improvements. 

This work has given insight into four plant species as potential phytoremediator crops, 

adding to the growing body of knowledge in the field of phytoremediation. The data 

presented indicated that herbaceous non-accumulator crops have the potential to tolerate 

metal contaminated soils and sequester metal in their tissues. Further work based on these 

data may provide future phytoremediation strategies. 
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Phytoremediation has been proposed as a potential solution to the problems of 

contaminated land. Whether or not phytoremediation is an appropriate technique for 

remediating a particular site will be dependent upon the objectives for the site and 

resources available. Where sites are highly contaminated and the time scale for 

remediation is limited, phytoremediation will not be an appropriate strategy. Sites which 

have a more marginal contamination level and where time scale is less important than the 

cost of clean up, phytoremediation will be a remediation option. This work has 

demonstrated that flax, miscanthus, nettle and oilseed rape have the potential to playa role 

in the remediation of land contaminated by heavy metals. On the basis of the work 

presented here, firm recommendations on the use of these plants in commercial 

remediation programmes cannot be given. The results presented in this thesis indicate that 

herbaceous crops producing moderate to high quantities of biomass such as miscanthus and 

nettle are likely to be best suited to a mixed cropping remediation strategy incorporating 

soil amendments to promote biomass yield and metal mobility in the soil-plant system. 

Resulting biomass will not only have value as a renewable energy feedstock, but in the 

process of energy production, the concentration and potential recovery of metals from the 

ash may be possible. Higher value industrial end uses of plant biomass, such as fibr~s for 

automotive interiors will also be possible, however, the fate of metal will have to be 

determined for each use. Further work into these crops in research-based remediation 

programmes is required in order to establish the merit of their use in commercial 

remediation strategies. 
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