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a b s t r a c t

The CO2 efflux from loamy Haplic Luvisol and heavy metal (HM) uptake by Zea mays L. were

studied under increased HM contamination: Cd, Cu, and Ni up to 20, 1000, and 2500 mg kg�1

soil, respectively. Split-root system with contrasting HM concentrations in both soil halves

was used to investigate root-mediated HM translocation in uncontaminated soil zones. To

separate root-derived and soil organic matter (SOM)-derived CO2 efflux from soil, 14CO2

pulse labeling of 15-, 25-, and 35-days-old plants was applied. The CO2 evolution from the

bare soil was 10.6 mg C–CO2 d�1 g�1 (32 kg C–CO2 d�1 ha�1) and was not affected by HM

(except 2500 mg Ni kg�1). The average CO2 efflux from the soil with maize was about two

times higher and amounted for about 22.0 mg C–CO2 d�1 g�1. Portion of assimilates respired

in the rhizosphere decreased with plant development from 6.0 to 7.0% of assimilated C for

25-days-old Zea mays to 0.4–2.0% for 45-days-old maize. The effect of the HM on root-

derived 14CO2 efflux increased with rising HM content in the following order: Cd < Cu < Ni.

In Cu and Ni contaminated soils, shoot and root dry matter decreased to 70% and to 50% of

the uncontaminated control, respectively. Plants contained much more HM in the roots

than in the shoots. A split-root system with contrasting HM concentrations allowed to

trace transport of mobile forms of HM by roots from contaminated soil half into the

uncontaminated soil half. The portion of mobile HM forms in the soil (1 M NH4NO3 extract)

increased with contamination and amounted to 9–16%, 2–6% and 1.5–3.5% for Cd, Cu, and

Ni, respectively. Corresponding values for the easily available HM (1 M NH4OAc extract)

were 22–52%, 1–20% and 5–8.5%. Heavy metal availability for plants decreased in the

following order: Cd > Cu � Ni. No increase of HM availability in the soil was found after

maize cultivation.

ª 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

Anthropogenic factors such as industrial activity, mining,

sewage disposal, traffic, etc. are mainly responsible for

increasing heavy metals (HM) concentrations in soil. Heavy

metals inhibit directly (altered catalytic function of enzymes,

damage to cellular membranes, inhibition of root growth) and

indirectly (dampened photosynthesis and mineral nutrient
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uptake, water stress, changes in photoassimilate accumula-

tion, structural changes) all physiological processes in plants

[2,7,26,29–31]. Another indirect effect of HM soil contamina-

tion is the decrease of microbiological activity, which is

especially pronounced in the rhizosphere.

Close interactions between plant roots and microorgan-

isms characterize the rhizosphere soil [5,17]. Organic

substances released by roots play a key role in these interac-

tions. Indirect effects include the solubility, sorption, and

transport of both: nutrients and pollutants. Direct influences

involve acidification, chelation, precipitation, and oxidation-

reduction reactions [1,6,17,20–23,25,27,37]. Root exudates can

mobilize or bind metal ions depending on substance compo-

sition, the solid phase and the metal involved [19,20,23,36].

Thus, root exudates could play a major role in the retention or

mobilization of HM in the rhizosphere [9,23] and also affect

their uptake by plants [36]. Most previous studies have

approached this problem by investigating exudates collected

from plants grown in nutrient solution, not under soil condi-

tions. However, the composition and amount of root exudates

can change depending on the HM and its concentration in the

soil, thereby modifying binding of HM in the rhizosphere.

The distribution of contaminants in soil is frequently

irregular and plants can stimulate root growth in the pollu-

tion-free zones. The split-root system with contrasting HM

concentrations in the both soil halves provides an opportunity

to investigate HM transport in roots and to verify a hypothesis

about exudation of HM by plant roots. Such investigations

have never been carried out before.

As a function of microbiological activity, the decomposi-

tion of soil organic matter (SOM) is reduced and less CO2 will

be evolved from HM-contaminated soil. In contrast to SOM-

derived CO2, the effect of HM on the emission of root-derived

CO2 is controversial. On one hand, the contaminant can

decrease root growth and therefore impede the total under-

ground carbon (C) translocation including root respiration and

exudation. On the other hand, every type of pollution could

increase the ineffective C losses such as root respiration and

exudations. Therefore, the main effect of HM on the root-

derived CO2 efflux from soil is difficult to predict.

This study evaluated: (a) the root-derived and SOM-derived

CO2 efflux from the soil depending on the type and level of HM

contamination; (b) effect of increasing level of HM soil

contamination on HM distribution in maize plants; and (c) HM

transport from contaminated to uncontaminated roots (HM

re-translocation) by plant roots.

2. Materials and methods

The rhizodeposition, as well as root- and SOM-derived CO2

effluxes of Zea mays L. grown on a loamy Haplic Luvisol were

studied by 14CO2 pulse labeling of shoots at three growth

stages. Different levels of soil contamination by Cd, Cu, and Ni

were investigated. A split-root system in two-compartment

pots (Fig. 1) with contrasting HM concentrations in soil of left

and right pot halves imitated the effect of irregular contami-

nant distribution. This allowed investigating the transport of

HM from contaminated to uncontaminated soil part through

the roots and also the release of HM together with exudates by

roots into the uncontaminated soil half.

Both compartments of the split-root pot contained 312 g

loamy Haplic Luvisol (Corg 1.2%, pH 6.8). The soil was taken

from the top 10 cm (Ah horizon) at the experimental station

Karlshof (South Germany, Stuttgart), air-dried, mixed, and

passed through a 5-mm sieve. The following levels of HM

contamination were tested: 0, 10, and 20 mg kg�1 for Cd; 0, 250,

500, and 1000 mg kg�1 for Cu and 0, 1000, and 2500 mg kg�1 for

14CO2 pulse

application
PVC container

Silicon layer

Paraffin layer

Air+CO2 to NaOH (2)

HM contaminated soil

Plastic separator

Air from pump (2)

Air from

Air+CO2

to NaOH (1)

pump (1)

Uncontaminated
soil half

Fig. 1 – Two-compartment pot with split-root system for studying carbon rhizodeposition, CO2 efflux and retranslocation of

heavy metals.
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Ni. Treatments with different combinations of HM levels in

the soil of left and right pot halves were labeled as follows (left

half: right half): for Cd – 0:0 (0), 0:10, 0:20, 20:20 (20); for Cu – 0:0

(0), 0:250, 0:500, 0:1000, 1000:1000 (1000); for Ni – 0:0 (0), 0:1000,

0:2500 mg kg�1. Heavy metals were applied in the soil as water

solutions of CdCl2, CuSO4, and NiCl2 before filling the pots and

the soil was carefully mixed.

Maize plants with four roots were transferred to the root-

split pots by inserting two roots into each half of the split-root

system. Plants were grown until shooting (45 days). One

seedling of Zea mays L. (spec. Benicia) was grown in each pot at

26–28 �C day and 22–23 �C night temperature with a day-

length of 14 h and light intensity of approximately 400 mmol

m�2 s�1 at the top of the canopy. The soil water content of

each pot was measured by weight and was adjusted daily to

60% of the available water holding capacity. One day before

the first 14C labeling, the root-soil compartments were sepa-

rated from atmosphere by a layer of low melting point Paraffin

(m.p. 42–44 �C; Merck Eurolab GmbH, Bruchsal) and overlaid

with Silicon paste (NG 3170 of Fa. Thauer and Co. Dresden). To

compare total unlabelled CO2 evolution with and without Zea

mays, unplanted soil was incubated under the same levels of

Cd, Cu, and Ni contamination and the same experimental

conditions.

The plants were labeled at 15, 25, and 35 days after sowing.

Nineteen plants were 14C labeled simultaneously during 1 h in

a large Plexiglas chamber. Three labelings were done for

replicate plants. Three ml of lactic acid were added to the

Na14CO3 (460 kBq of 14C pot�1) solution to produce 14CO2. After

1 h, the remaining CO2 was trapped in 1.0 M NaOH aqueous

solution to remove the unassimilated 14CO2 from the Plexiglas

chamber. Immediately after the labeling, the CO2 efflux from

soil was started and monitored during 10 days and the trap

was changed every 2 days. Each left / right compartment of

the pots had its own CO2 trapping system with 10 ml of 1.0 M

NaOH solution and was continuously pumped with

a membrane pump. So, the total and 14C labeled CO2 efflux

was monitored during maize growth separately from both

soil-root halves.

Ten days after each labeling, all plants were cut, the root-

soil column pulled out, and the roots carefully washed from

the soil by hand. Shoots, roots, and soil were dried at 60 �C and

pulverized in a ball mill (Fa Retch) prior to analysis of 14C-

activity. 14C- activity of shoots, roots, and soil samples was

measured with the scintillation cocktail Permafluor Eþ (Can-

berra Packard) by a Liquid Scintillation Counter Tri-Carb

2000CA (Canberra Packard), after combustion of 1 g of sample

within an oxidizer unit (Model 307, Canberra Packard).
14C in the CO2 collected in the NaOH solution was

measured with the scintillation cocktail Rothisscint-22x (Roth

Company) on 2-ml aliquots of NaOH after the decay of

chemiluminescence. The 14C counting efficiency was about

89% and the 14C-activity measurement error did not exceed

2%. The absolute 14C-activity was standardized by addition of

NaOH solution as a quencher to the scintillation cocktail and

using a two-channel ratio method of extended standard (tSIE).

The total CO2 collected in the NaOH solution was measured

by titration with 0.2 M HCl against phenolphthalein after

addition of 0.5 M BaCl2 solution [3]. The total C content in the

shoots was considered to be 40% of dry mass and was

accepted as a constant. The total C content in the roots varied

considerably because of different admixture of mineral soil

particles. All calculations of the C content in the roots were

based on C analyses.

Shoot and root samples were dissolved in H2O2 and HNO3

in a microwave oven and analysed for Cd, Cu, and Ni contents

by a Varian AA 400 and Varian AA 400Z atomic adsorption

spectrometer (Varian, Mulgave, Australia). In the soil samples

from each pot half, mobile forms of Cd, Cu, and Ni (1.0 M

NH4NO3 extract) as well as easily available HM forms (1.0 M

NH4OAc extract) were determined [28,35].

The experiment was conducted with four replications.

Analysis of variance and the LSD test at 5% error probability

were applied to assess the significance of differences between

treatments.

3. Results and discussion

3.1. Root-derived and SOM-derived CO2 efflux from the
soil depending on heavy metal contamination

The total unlabeled CO2 evolution from the soil with Zea mays

was compared with that from the bare soil incubated under

the same conditions. In this study, the difference in CO2 efflux
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(plants versus bare soil) was accepted as equal to the contri-

bution of plant roots to the whole CO2 efflux. The CO2 evolu-

tion from the bare soil was nearly constant during the

incubation and amount to 10.6 mg C–CO2 d�1 g�1 (32 kg C–CO2

d�1 ha�1, calculated based on a 25-cm-thick Ap horizon and

a soil density of 1.2 g cm�3). The average CO2 efflux from the

soil with Zea mays was about two times higher and amount to

22.0 mg C–CO2 d�1 g�1 (66 kg C–CO2 d�1 ha�1). Thus, the

contribution of plant roots to the total CO2 efflux from the soil

(calculated as the difference) was about 52%. Despite the low

total C content of the soil used in the experiment, a high level

of total CO2 efflux was detected. A lower rate of total unla-

belled CO2 evolution from the soil with Zea mays (9.0 mg C–CO2

d�1 g�1 z 27.0 kg C–CO2 d�1 ha�1) has been reported by Lil-

jeroth et al. [16]. The difference to our results can be explained

by the smaller amount of soil (15 times) used in our experi-

ment. Cd and Cu had no effect on the SOM-derived CO2 efflux;

only high concentrations of Ni diminished the values by about

30% (Fig. 2). However, total CO2 efflux from planted soil

diminished by application of 20 mg Cd kg�1, 250–1000 mg Cu

kg�1, or 2500 mg Ni kg�1.
14CO2 efflux derived from root respiration and rhizomi-

crobial respiration decreased with plant development on

average from 3.0 to 3.5% (1st labeling) to 0.2–1% of the

assimilated C (3rd> labeling) per pot half (Fig. 3). This decrease

during plant development is explained by a higher below-

ground translocation of C by young plants, whereas old plants

translocate it preferably into the shoots [4,13,14].

Labeling the plants in a 14CO2 atmosphere allowed

a distinction between SOM-derived and root-derived CO2. So,

the effect of HM contamination on the root-derived CO2 was

much stronger than that on the SOM-derived CO2. Accumu-

lation of HM in plant tissues during plant development results

in an increasing negative effect on root respiration and

exudation.

After the 1st and 2nd labeling, 14CO2 evolution from the soil

decreased with Ni contamination compared with that from

uncontaminated soil. Cd and Cu did not affect 14CO2 evolution.
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After the 3rd labeling, 14CO2 efflux decreased more than after

the previous two labeling periods and was equal in both pot

halves of every treatment. Thus, a cumulative effect of HM

contamination on the 14CO2 evolution from the soil was

observed during maize growth.

On average, the root-derived 14CO2 efflux from the soil

decreased in all treatments with HM contamination (Fig. 4).

This effect increased in the following order: Cd > Cu > Ni, and

the significance of the effect increased with raising HM

content in the soil. As noted above, the HM did not affect SOM-

derived CO2 efflux, which varied from 42 to 55% of the total

CO2 evolution from planted soil.

3.2. Heavy metal uptake by maize plants

Soil contamination with all HM reduced the shoot and root

biomass of maize. In soil with 1000 mg Cu kg�1 and 2500 mg Ni

kg�1, shoot dry matter (DM) decreased to 70 and 64% of the

control, respectively. In the case of Cd contamination, only

shoot DM tended to decrease. Root DM decreased slightly in

treatments with 10 and 20 mg Cd kg�1 and to about 50% in

treatments with 1000 mg Cu kg�1. These results are similar to

those of Keltjens and van Beusichem [12] and Yang et al.

[33,34], who clearly demonstrated Cu-induced root under-

development by reduced total and specific root length. On the

other hand, Yang et al. [32] found a much higher effect of Cd

and Ni on maize growth: shoot DM decreased to about 50%

that of the control when plants were grown in nutrient solu-

tion with Cd<14 mM and with Ni>60 mM. However, the results

of nutrient solution studies are not directly comparable with

the results obtained for plants grown on soil, because the

most part of HM is absorbed on SOM and clay minerals and is

not available for plant uptake.

Also in the uncontaminated soil halves, root mass

decreased with Cd (10 and 20 mg kg�1), Cu (1000 mg kg�1), and

Ni (1000 and 2500 mg kg�1) contamination versus the control.
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In all treatments with Cu and Ni, root growth decreased more

than shoot growth. It is explainable by much higher HM

contents in roots versus the shoots. Concentrations in the

shoots increased in both pot halves with rising Cd level and

with 1000 mg Cu kg�1 (Fig. 5). When one pot half was

contaminated, shoot concentrations slightly increased in all

Ni treatments and remained unchanged in Cu treatments.

According to many studies, low Ni and Cu contents in the

shoot biomass of maize planted on strongly contaminated

soils is associated with both: the significant negative effect of

these HM on root growth [15,24] and with their extremely low

root to shoot transport [8,12,32]. Low root to shoot transport

was not affected by the level of HM contamination. Due to

these effects, HM concentrations in maize roots were almost

linearly correlated with soil contamination level (Fig. 5,

bottom). It means that roots have no effective protection

mechanism against HM uptake. Other studies report similar

results [12,32].

3.3. Plant-mediated re-translocation of heavy metals

A linear increase of mobile and easily available HM contents in

the soil was observed with their increasing total content in the

soil (Fig. 6). For Cd, Cu, and Ni, the mobile HM forms (NH4NO3

extract) in the soil were 9–16%, 2–6% and 1.5–3.5% of total

content, respectively, and the corresponding values for the

easily available forms (NH4Ac extract) were 22–52%, 1–20%

and 5–8.5%. Moreover, in most treatments the HM contents in

uncontaminated soil half increased with increasing soil

contamination. The HM availability increased with increasing

total HM contents in soil in the following order: Ni � Cu < Cd.

The amounts of mobile and easily available HM forms in

the unplanted soil were the same or higher than those in the

planted soil. This shows that the growing plants did not

change the availability of HM in the soil, although several

studies have described a HM mobilization by root exudates

due to complexation and chelatization [10,18,37]. Plants can

probably also decrease HM availability by exudation of various

compounds, particularly mucilage: diffusion transport of any

element in such viscous substances is lower than in the soil

solution. Additionally, these compounds form metal-organic

complexes that are unavailable for plants [23]. These authors

found that maize root mucilage is able to bind HM in the

following order: Pb > Cu [ Cd. Thus, in the rhizosphere,

a large retention of HM having a high affinity for the binding

with organic molecules is expected. Moreover, many other

components (clays, microbial products, etc.) in the root envi-

ronment can combine with the root mucilage to form a mixed

product termed mucigel [11] that can bind HM [23].

More mobile HM was found in the soil of uncontaminated

pot halves than in the soil without HM (Fig. 7 top). As noted

above, HM content increased in the roots of uncontaminated

soil with increasing HM content in the contaminated soil. This

fact is unknown and occurs by plant-mediated re-trans-

location of HM and by exudation of HM by plant roots together

with organic substances. This merits further research into

root-induced changes of HM mobility in soil by exudation or

other mechanisms that control the transformation of HM in

the rhizosphere of contaminated soils.

In the pots with different concentrations in both halves,

HM content in the roots from uncontaminated soil increased

with increasing HM in the contaminated soil, particularly at

the highest concentrations (Fig. 7 bottom). High contents in

the roots from the uncontaminated soil half probably reflect

increased HM bioavailability in the uncontaminated soil half

(Fig. 7 top) and / or HM transport by the roots from the
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contaminated soil half. To our knowledge, no other studies

were published showing plant- mediated transport of HM in

uncontaminated soil parts.

4. Conclusions

� High HM contamination of the soil decreased mainly the

root-derived CO2 efflux in the following order: Cd > Cu > Ni.

Consequently, the contribution of maize plants to the total

CO2 evolution from the soil decreased with raising HM

concentration in soil. Only extremely high Ni contamination

decreased the CO2 efflux originated from SOM.

� Cd and Cu concentrations in the shoots increased with

increasing Cd level and with 1000 mg kg�1 Cu. The content

of all HM in the roots was linearly correlated with the level

of soil contamination.

� Bioavailability of HM increased with increasing their total

content in soil in the following order: Ni � Cu < Cd

� Using a root-split system, root-mediated transport from

contaminated soil parts and exudation of HM into uncon-

taminated soil parts was observed.
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