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ABSTRACT

Copper (Cu) tolerance and accumulation in Elsholtzia splendens

Nakai were investigated by means of hydroponic culture.

Enhanced growth was observed when plants were exposed to 50

and 100 mM Cu. Copper uptake efficiency and translocation

depended on Cu concentration in nutrient solution. Shoot Cu

concentrations of 1133 and 3417 mg g�1 dry wt were achieved

by 500 and 1000 mM Cu supply, respectively. Copper accumula-

tion in E. splendens was accompanied by the ability to maintain

the concentrations of other essential nutrients, except potassium,

within the range considered sufficient for normal growth of
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higher plants. The results obtained suggest that E. splendens has

a great potential for phytoremediation.

INTRODUCTION

Soil contamination with heavy metals has become a worldwide challenge,

leading to the losses in agriculture and hazardous health effects as they enter the

food chain.[1] This problem may be partially solved by the emerging

phytoremediation technology. The cost-effective plant-based approach to

remediation takes the advantage of the remarkable ability of plants to concentrate

heavy metals in their tissues from the environment.[2,3] However, the so-called

phytoremediation has not achieved a lot partly due to the lack of basic

information regarding the fundamental mechanisms employed by metal

accumulators. The application of metal accumulators is also obstructed by

some of their inherent defects, such as small biomass, slow growth rate, and poor

adaptability.[4] Hence, before their practical application, the mechanisms

responsible for the abnormal ability for metal tolerance and accumulation should

be elucidated. Alternatively, efforts should be paid to explore new accumulators

with ideal biological traits including high biomass and fast growth rate.

Different mechanisms have been proposed to explain the tolerance of plants

to toxic heavy metals.[5–9] However, the mechanisms for metal accumulation are

not fully understood, and this is particularly true in the case of Cu accumulators.

Copper is an essential micronutrient but is toxic to plants when in excess.[10] It is

a redox-active metal that functions as an enzyme activator and is an important

part of prosthetic groups of many enzymes. Copper concentrations in healthy

plant tissue range from 5 to 20 mg g�1 dry wt.[11] In Cu-enriched environments,

accumulation of Cu in plant tissues depends on the species or cultivars and

ecotypes. In only a limited number of plant species a heritable tolerance or

resistance occurs, which enables these plants to grow and to reproduce on metal-

contaminated soils. There are very few examples of plants that hyperaccumulate

copper though more than 400 species have been identified as metal-

hyperaccumulators.[4,12] All of the copper-hyperaccumulators listed by Brooks

et al.[13] are confined exclusively to the well-known Copper-Belt of Zaı̈re.

E. splendens was first reported to be an endemic Cu-hyperaccumulator by Yang

et al.[14] based on field survey around a copper-mining area in Zhejiang, southeast

province of China. As yet, the documents on the mechanisms of tolerance and

accumulation of copper in E. splendens are scarce.

The objectives of this study were to assess the ability of E. splendens in Cu

tolerance and the effects of Cu accumulation on nutrients composition. The

implication for E. splendens in phytoremediation was also discussed.
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MATERIALS AND METHODS

Plant Culture

Seeds of E. splendens L. were collected from plants growing on a soil derived

from copper-mining deposit in Zhuji County of Zhejiang, a southeast province of

China. The seeds were surface sterilized by immersion for 25 min in 2.5% (w=v)

bleach and rinsed four times in distilled water, and sown in quartz sands moistened

with distilled water. One week after the emergence of seedlings, 0.1 strength of

Hoagland nutrient solution was supplied. Three-week-old uniform seedlings were

transferred into 3.6-L black polyethylene pot containing nutrient solution for

another 1 week pre-culture. The composition of the nutrient solution was as

follows: (in mM) 0.7 K2SO4, 0.1 KCl, 2.0 Ca(NO3)2, 0.5 MgSO4, and 0.1 KH2PO4;

and (in mM ) 10.0 H3BO3, 0.5 MnSO4, 0.5 ZnSO4, 0.25 CuSO4, 0.01 (NH4) 6

Mo7O24, and 60 Fe-EDTA.[15] Plants (7 per pot) then were exposed to various

concentrations of Cu (0.25, 12.5, 25, 50, 100, 500, and 1000 in mM) added as

sulphate. Pots were completely randomized, with three replicates. The solution was

continuously aerated and renewed every 3 days. The solution pH was maintained at

5.3� 0.2 based on the pH of the soil where the plants were growing in the field.

The plants were cultured in a growth chamber with following conditions:

photoperiod–16 h light=8 h dark, photo flux density of 220 mmol �m�2 s�1,

day=night temperature 26=18�C, relative humidity 65–75%.[16]

Plant Analysis

Plants were harvested at the start and at the end of the 24-day treatment. The

length of the longest root and the heights of shoot were measured on 21 plants per

treatment. Initial and final root length data were used to calculate relative root

elongation rates, taking as a 100% reference the relative elongation rate of plants

treated with 0.25 mM Cu. Roots of intact plants were immersed in aerated ice-cold

5 mM Pb(NO3)2 solution for 30 min to remove the putative adsorbed Cu2þ .[17]

Plant were then rinsed with deionized water, blotted, separated into roots, stems,

and leaves and subsequently oven-dried at 70�C. Sieved dry samples were digested

with microwave digestion system (mLs-MEGA 1200) and the elements were

determined with inductively coupled plasma-optical emission spectroscopy (ICP-

OES, Model IRAS-AP, TJA Co.) using the procedure proposed by Yang et al.[16]

Statistical Analysis

The SPSS statistical software package (Version 10.0) was employed for

data processing and testing. One-way ANOVA, Non-linear Regression and
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Correlation procedures were selected. LSD method was applied to test the

difference among means.

RESULTS AND DISCUSSION

Growth Performance

Root elongation rate is viewed as an important parameter characterizing the

growth performance of plants.[18,19] Copper level of 0.25 mM in nutrient solution

can be regarded as control in the present study for it is generally adequate for

optimum growth of the majority of higher plants.[10] Root length increased with

increasing Cu supply from 2.5 to 100 mM (Fig. 1). The highest root elongation

rate was recorded at 50 mM Cu treatment, which increased significantly (P< 0.01)

41% in comparison with that of control. However, 500 and 1000 mM Cu caused

decline in root length. Nevertheless, the finding implicates that exposure to Cu

enhances growth of E. splendens, which can be further confirmed by the

observations that biomass production increased when plants grew with elevated

Cu supply.

Shoot height changed slightly with increasing Cu concentrations from

0.25 mM up to 100 mM in nutrient solution (Fig. 2). However, significant

(P< 0.05) decreases in shoot height were found in treatments of 500 and

1000 mM Cu supply.

Copper supply affected biomass production of E. splendens (Fig. 3). The

dry weights of stems and leaves were significantly (P< 0.01) higher in plants

Figure 1. Root elongation rate of E. splendens exposed to different levels of Cu. Vertical

bars indicate� SE, n¼ 21.
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supplied with 50 mM Cu than in plants receiving either lower or higher Cu

concentrations. A pronounced increase in roots dry weights was noted in 50 and

100 mM Cu supply in comparison with other Cu levels. The dry weights of stems

and leaves remained constant with elevating Cu from 0.25 to 25 mM in nutrient

solution (Fig. 3). However, the fresh weights of stems and leaves in treatments of

12.5 and 25 mM Cu were significantly higher than that of control (data not

shown). These observations imply a change in water status of E. splendens caused

by excessive Cu. The mechanisms underlying this change need further

investigation. The biomass reduced significantly compared to control when

E. splendens was exposed to 500 and 1000 mM Cu. However, its biomass

remained to be over one order of magnitude higher than in case of some

well-known hyperaccumulators, such as Thlaspi caerulescens – a Zn hyper-

accumulator,[20] Thlaspi goesingense – a Ni hyperaccumulator[21] and some Cu

hyperaccumulators found in Zaı̈re[22]. Moreover, it is intriguing that E. splendens

still survived and even completed the life cycle when toxicity occurred.

Good growth performance of E. splendens can be achieved by elevating

copper supply up to 50 or 100 mM, which are usually lethal to normal plants,[11]

making it adaptable to metalliferous soils.

Copper Uptake and Translocation

With increasing of Cu supply, root Cu concentrations increased and varied

from 38 to 12,752 mg g�1 dry wt (Fig. 4). Stem Cu concentrations remained

Figure 2. Shoot height of E. splendens exposed to different levels of Cu. Vertical bars

indicate� SE, n¼ 21.
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unaffected when plants exposed to Cu from 0.25 to 25 mM. However, it

dramatically increased at 500 and 1000 mM Cu. In comparison with control,

treatments of 12.5, 25, and 50 mM Cu resulted in a significant decline in leaf Cu

concentrations. Afterwards, leaf Cu concentrations sharply elevated at 500 and

1000 mM Cu exposure.

Figure 3. Biomass production of E. splendens exposed to different levels of Cu. Vertical

bars indicate� SE, n¼ 3.
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Copper uptake efficiency [total amount of Cu in the plant normalized by

root dry wt;[23]] was dependent on Cu concentration in nutrient solution (Fig. 5).

Below 50 mM Cu supply, Cu uptake efficiency increased exponentially with Cu

increasing in nutrient solution and can be described by the function

Y ¼ �122 þ 313 � 1:04X (r2
¼ 0.997), where Y and X represent Cu uptake

Figure 4. Copper concentrations in organs of E. splendens exposed to different levels of

Cu. Vertical bars indicate� SE, n¼ 21.
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efficiency and Cu concentration in nutrient solution, respectively. However, above

50 mM Cu treatment, Cu uptake efficiency followed a different pattern described

by the function of Y ¼ �0:01X 2 þ 29X þ 1249 (r2
¼ 0.99). Copper translocation

efficiency (shoot Cu content normalized by root dry wt) remained low and similar

between 0.25 mM and 50 mM Cu treatments whereas it soared above 100 mM Cu

supply (Fig. 5). A dramatic increase in Cu translocation may result from a

breakdown in the tight restriction of translocation at the root=shoot interface.

Up to now, more than 400 species have been identified as hyperaccumu-

lators, a term introduced by Brooks et al.[12] describing a plant which can

accumulate metal(s) above 1000 mg g�1 dry wt. However, there are very few

examples of plant species not native to Africa that hyperaccumulate copper. All of

the copper-hyperaccumulators listed by Brooks et al.[13] are confined exclusively

to the well-known Copper-Belt of Zaı̈re. In the present study, we found that

Figure 5. Copper uptake efficiency (total amount of Cu taken by plant normalized by

root dry wt) and translocation efficiency (shoot Cu amount normalized by root dry wt).

Vertical bars indicate� SE, n¼ 3.
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E. splendens could accumulate Cu up to 1133 and 3417 mg g�1 dry wt in its

shoots (stems plus leaves) when grew in solution containing 500 and 1000 mM

Cu, respectively. On a whole plant basis, Cu concentrations higher than

1000 mg g�1 dry wt can be achieved by 100 mM and higher Cu supply. Elevation

of Cu in substrate can increase Cu uptake efficiency (Fig. 5) and thereby Cu

concentration in plant organs (Fig. 4).

Phytoextraction, one of the various branches of phytoremediation, exploit

pollutant-accumulating plants to remove metals or organics from soil by

concentrating them in the harvested parts.[3] The ability of E. splendens in Cu

tolerance and accumulation suggests it is suitable for removing Cu from

contaminated soils.

A higher shoot=root ratio of heavy metal content in plants is important in

practical phytoextraction for it can simplify the agricultural operation by only

harvesting the aboveground parts of the plants. It could not be overlooked that Cu

content in roots of E. splendens accounted for a large proportion of the total Cu

taken by E. splendens, which might weaken the Cu-phytoextraction potential to

some extent. However, the fact is that the mobility of Cu in soils and plants is

very low.[24,25] In terms of phytostabilization-using plants to reduce the

bioavailability and mobility of pollutant, and revegetation via root uptake and

anchoring on contaminated soils that usually lack established vegetation cover

due to toxic effects of pollutants or recent physical disturbance,[3] E. splendens

has a great advantage. In fact, E. splendens is a pioneer plant in Cu-mining

areas.[14] Our ongoing field experiments will further test its value in

phytostabilization as well as in phytoextraction.

Accumulation of Other Nutrients

Copper hyperaccumulation in E. splendens suggests the existence of inner

detoxification mechanisms. High amount of heavy metals in plant tissues may

interfere with other essential nutrients and thereby disturb the mineral nutrition of

plants.[26] Copper accumulation influenced uptake and distribution of other

essential mineral nutrients (Tables 1–3).

With increasing Cu supply, plants exhibited significant potassium (K) loss

from roots (Table 1). In stems, K concentration markedly decreased (P< 0.01) in

treatments of 500 and 1000 mM Cu (Table 2). The lowest K concentration in

leaves was observed in 1000 mM Cu treatment. In general, Cu accumulation

resulted in K depletion in E. splendens, and the negative correlation between

K concentrations and Cu concentrations were statistically significant (r¼�0.85

in roots, r¼�0.91 in stems, and r¼�0.76 in leaves). Potassium loss in plant

organs, especially in roots, during excessive Cu exposure was apparently the

consequence of Cu toxicity. According to De Vos et al.,[27] Cu resulted in an
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immediate damage to the membrane especially by changing the activity of

K channels in plant roots, thus causing a leakage across the membrane.[28] The

observed Kþ loss caused by excessive Cu supply is in agreement with studies in

wheat,[29] Mimulus guttatus,[30] and Silene compacta.[31]

Calcium concentrations in E. splendens changed when plants received

different levels of Cu. In roots, the lowest Ca concentration was detected in

100 mM Cu treatment and the highest one was found in 500 mM Cu treatment

(Table 1). The concentrations of calcium in the stem rose with increasing copper

concentration in nutrient solution and were positively correlated with Cu

concentration in stems (r¼ 0.994). The highest Ca concentration in stems was

observed in treatment of 1000 mM Cu (Table 2) whereas no significant differences

in leaf Ca concentrations was noted among the seven treatments. Changes in

calcium concentrations have been found to be a general physiological response of

plants against metal toxicity.[32,33] The increase of Ca following Cu increase in

stems might alleviate Cu toxicity.[34]

Root magnesium (Mn) concentrations ranged from 0.9 to 2.3 mg g�1dry wt

when plants were exposed to various levels of Cu, with the lowest one was

recorded at 1000 mM Cu. Stem Mg concentrations were positively correlated with

stem Cu concentrations (r¼ 0.982). Leaf Mg concentrations fluctuated, being

lowest in 500 mM Cu treatment and highest in 12.5 mM Cu treatment. Magnesium

concentrations were within the range considered adequate for optimum growth

for conventional plants.[10]

Phosphorous concentrations in roots varied from 8.8 to 12.0 mg g�1dry wt

with different levels of Cu supplying, with root P concentration double those in

stems and leaves. Leaf P concentrations were inversely correlated with leaf Cu

concentrations (r¼�0.83), but still within the sufficient range.

Sulfur concentrations in roots, stems and leaves were within the range

suitable for normal growth of conventional plants, varying from 2.4 to

6.1 mg g�1dry wt.

Extraordinarily high root iron concentrations were found across all Cu

treatments, ranging from 3.5 mg � g�1 dry wt to 6.2 mg � g�1 dry wt (Table 1).

The lowest one was detected at 100 mM Cu supply and highest one resulted

from the 500 mM Cu treatment. Stem iron (Fe) concentrations varied from 90 to

236 mg g�1 dry wt and were significantly correlated with Cu concentrations

in stems (r¼ 0.99). Nevertheless, iron translocation from stems to leaves

was pronounced in the present experiment (Tables 2 and 3), with leaf Fe

concentrations being between 606 and 833 mg g�1 dry wt. Chlorosis may be

present when the total amount of Fe is sufficient because difficulty may exist in

reducing iron from Fe3þ to Fe2þ in the cytosol.[10] The occurrence of chlorosis

in treatments of 500 and 1000 mM Cu might be induced by the deficiency of

active Fe,[35] as the total iron concentrations in leaves in this study were

adequate (Table 1).
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Manganese partition in organs of E. splendens had a pattern similar to that

of iron. The roots retained the majority of Mn taken by plant (Table 1), and Mn

translocation from stems to leaves was also apparent (Tables 2 and 3). Zinc

concentrations in roots (Table 1) were not markedly different from those in stems

(Table 2). However, it was noticeable that zinc translocation from stems to leaves

was the highest in treatments of 50 and 100 mM Cu.

CONCLUSIONS

E. splendens is highly tolerant to copper toxicity. E. splendens can

accumulate copper in shoots to a concentration above 1000 mg g�1 dry wt – the

threshold defining a hyperaccumulator – with moderate reduction in growth.

Copper accumulation in E. splendens is dependent on Cu status in substrate and

accompanied by the ability to maintain the concentrations of essential nutrients

within the sufficient range for normal growth of plants. Considering its high

biomass and fast growth in addition to Cu accumulation, we suggest that

E. splendens has great potential for phytoremediation of Cu-contaminated soils.
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7. Váquez, M.D.; Poschenrieder, C.; Barceló, J.; Baker, A.J.M.; Hatton, P.;

Cope, G.H. Compartment of Zinc in Roots and Leaves of the Zinc

Hyperaccumulator Thlaspi caerulescens J&C Presl. Bot. Acta 1994, 107,

243–250.

8. Verkleij, J.A.C.; Shat, H. Mechanisms of Metal Tolerance in Higher Plants.

In Heavy Metal Tolerance in Plants.: Evolutionary Aspects; Shaw, A.J., Ed.;

CRC Press: Boca Raton, FL, 1990; 179–193.

9. Zhao, F.J.; Shen, Z.G.; McGrath, S.P. Solubility of Zinc and Interaction

Between Zinc and Phosphorus in the Hyperaccumulator Thlaspi caer-

ulescens. Plant Cell Environ. 1998, 21, 108–114.

10. Marschner, H. Mineral Nutrition in Higher Plants; Academic Press:

London, 1995; 229 pp.

11. Robson, A.D.; Reuter, D.J. Diagnosis of Copper Deficiency and Toxicity. In

Copper in Soils and Plants; Loneragan, J.F., Robson, A.D., Graham, R.D.,

Eds.; Academic Press: Sydney, 1981; 287–312.

12. Brooks, R.R.; Lee, J.; Reeves, R.D.; Jaffré, T. Detection of Nickeliferous
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