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Abstract

Soils contaminated with heavy metals also contain a number of organic ligands, particularly in the rhizosphere and thus, a

fraction of the bioavailable metals in soils likely exists in a complexed form. The presence of soluble, metal-complexing organic

ligands can influence the fate and transport of metals as well as mineralisation of organic compounds. Oxalate and citrate

complexed with Cd, Cu, Mg, Pb and Zn were used as model metal–organic complexes possibly occurring in heavy metal

contaminated soils. Soil respiration was used to determine the biodegradation of these compounds in a clay alkaline soil kept

under different management regimes. Overall, the results indicated that metal complexes with citrate generally were more

degradable than oxalate–metal complexes. For each organic acid, biodegradability of the metal–organic complexes varied for

different metals, following the ranking order: Mg>Zn>CuiPb>Cd. Addition of Cd complexes decreased the soil respiration.

These results indicate that the formation of the complexes between heavy metals and low molecular weight organic ligands

might affect the soil functionality, especially in the rhizosphere of contaminated soils, as determined by soil respiration.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction The toxicity of heavy metals to soil microorganisms
The continuous enrichment of the pedosphere with

heavy metals due to deposition from the atmosphere,

the use of chemical fertilisers, and the incorporation of

sewage sludge into agricultural soils pose major risks

for terrestrial ecosystem health.

Soils with high heavy metal contents usually have a

reduced microbial biomass, increased metabolic quo-

tient ( qCO2) and altered biodegradation activities

towards organic compounds (Brookes, 1995).
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has been generally attributed to the activity of the free

metal ions, which can be predicted using the free-ion

activity model (FIAM).

Low molecular organic acids represent a stabile

pool of the soil organic matter (SOM; Stevenson,

1994) resulting mainly from rhizodeposition and as

microbial metabolites during soil organic matter

(SOM) decomposition (Robert and Berthelin, 1994).

Laboratory studies have shown that low molecular

weight organic acids (LMWOAs) can solubilize

heavy metals through complexation reactions (Krish-

anmurti et al., 1997; Naidu and Harter, 1998; Poulsen

and Hansen, 2000; Taniguchi et al., 2000). Ahumada

et al. (2001) reported that the addition of LMWOAs



G. Renella et al. / Geoderma 122 (2004) 311–315312
influenced heavy metal speciation and, for example,

acetate increased the amount of Cu associated to the

SOM. It is therefore of interest to understand the

interactions between organic acids and metal that

may influence the bioavailability of heavy metals to

plants and microorganisms.

In vitro studies have shown that low molecular

weight organic ligands regulate the uptake of essential

metals by microorganisms, and in some cases, the

production of organic acids may be involved in detox-

ification mechanisms (Hantke, 2000). Investigations

on the interactions between microorganisms and or-

ganic molecules in the presence of heavy metals and

on the ability of microorganisms to degrade metal–

organic complexes have given unclear results. Bryn-

hildsen and Allard (1994) reported that citrate com-

plexes with Cd, Cu and Zn were taken up at a similar

rates that were similar to that of free citric acid, but that

these complexes were not metabolized within the cell

cytoplasm. Hassen et al. (1998) reported that the

presence of citrate increased the biosorption of Cr,

by Pseudomonas aeruginosa and Cu, by Bacillus

thuringiensis. Puranik and Paknikar (1999) reported

that citrate reduced Pb, Cd and Zn sorption by Cit-

robacter cells. Heavy metals like Cu have been found

to interfere with citric acid production by Aspergillus

niger (Tsekova et al., 2001).

Despite the large number of studies on metal solu-

bilization by organic ligands and the biodegradability

of metal–organic complexes in pure cultures, to our

knowledge, no detailed studies have been conducted to

assess the biodegradation of metal–organic complexes

in soil. Most of the research on the effects of heavy

metals on microbial-driven processes like respiration

(Babich and Stotzky, 1985), soil enzyme activity (Mor-

eno et al., 2001) and biodegradation of organic com-
Table 1

Main physical and chemical characteristics of soils

Soil pH

[H2O]

Sand

(%)

Silt

(%)

Clay

(%)

C org

(%)

N to

(%)

Woodland 8.1 20.5 41.0 38.5 3.8 0.35

Grassland 8.1 20.5 41.0 38.5 2.2 0.21

Lucerne 8.1 20.5 41.0 38.5 1.2 0.13

Wheat 8.1 20.5 41.0 38.5 0.9 0.09
pounds (Burkardt et al., 1993) have been carried out by

adding heavy metals and organic compounds separate-

ly. This is surprising because all experimental eviden-

ces to date shows that in the rhizosphere, LMWOAs

exudated by the plant roots form soluble complexes

with heavy metals (Krishnamurti et al., 1997; Romer et

al., 2000). Moreover, the use of citrate as a chelating

agent coupled with metal citrate utilizing strains of P.

aeruginosa and Pseudomonas putida has been pro-

posed as a feasible soil remediation technique (Thomas

et al., 2000). Metal complexes of lowmolecular weight

organic ligands might contribute to the heavy metal

bioavailability to freshwater algae and vertebrates by

direct uptake of metal complexes (van Ginneken et al.,

1999; Errecalde and Campbell, 2000).

The aim of this study was to monitor the degrada-

tion rates of LMWOAs complexed with different

heavy metals in soils under different management

regimes.
2. Materials and methods

The soil studied was a Vertic Xerochrept (USDA

1992) kept under wheat, lucerne, grassland and wood-

land, from the Vicarello experimental fields located in

Tuscany (central Italy). The two arable soils were

sampled from the 0–23 cm depth whereas the grass-

land and forest soils were sampled from the 0–10 cm

depth. The main soil characteristics are listed in Table

1. Soils were sieved (< 2 mm), moistened to 40%

WHC, and preincubated for 7 days at 25 jC prior to

the treatments with metal–LMWOAs complexes.

Two LMWOAs, acetate and citrate complexed

with Mg, Cd, Cu, Pb and Zn were added (2 ml of

solution or suspension) dropwise to soils; The soil
t CEC

(meq�
100 g� 1)

Carbonates

(%)

ATP

(Ag kg� 1

Basal

respiration

(mg CO2–C

kg� 1� d)

12.5 10.8 3885.7 55.7

11.4 11.2 2357.2 51.4

10.7 12.6 1425.2 43.1

9.6 14.2 1023.5 24.7
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moisture was brought to 55% WHC to give a carbon

rate typical of rhizosphere and equivalent to 300 mg

kg� 1 soil. The chemicals used were: Mg-acetate and

Pb-acetate from Carlo Erba, Mg-dicitrate trihydratre

from Fluka, Cd-acetate dihydrate from Merk, Cu-

acetate hydrate, Cu-citrate, Pb-acetate, Pb-citrate,

Zn-acetate dihydrate and Zn-citrate dihydrate from

Aldrich. Cd-citrate was prepared by using equimolar

amounts of citiric acid and Cd (0.52 mM). All

chemicals were of analytical grade.

Soils (25 g oven dry equivalent) were placed in

250 ml Quickfit flasks and incubated at 25 jC in the

dark. Flasks containing soils treated with distilled

water only served as control soils while empty flasks

were used as blanks. The LMWOA decomposition

rate was monitored for 96 h by sampling the head-

space every 24 h and flushing the flask afterward. The

CO2 evolution was measured by a gas chromatograph

(HP 6890) equipped with a gas sampling valve, a

packed column (Poropack Q) and a thermal conduc-

tivity detector, according to Blackmer and Bremner

(1977). All treatments and measurements were repli-

cated three times.
Fig. 1. Net decomposition of LMWOAs complexed with different heavy me

difference at P levels < 0.05, 0.01 and 0.001, respectively.
3. Results

The results reported in Fig. 1 show the net miner-

alisation rates of the different metal–LMWOAs com-

plexes, which were calculated by subtracting the basal

respiration values from those of the metal complex

induced respiration during the 96-h incubations.

In the woodland soil, Mg- and Zn-acetate were

mineralised at similar rates. Copper- and Pb-acetate

were mineralised at significantly lower rates (P <

0.01). Cadmium acetate addition repressed the soil

respiration such that negative values were obtained

after 48 h of incubation (Fig. 1). The same trends were

observed with citrate complexes. Both Mg and Zn

complexes were mineralised at approximately the same

extent, whereas Cu and Pb complexes weremineralised

at significantly lower rates (Fig. 1). As with acetate, the

lowest net cumulative respiration was observed with

Cd-citrate addition.

In the grassland soil, Mg-acetate, Cu-acetate and

Zn-acetate were mineralised to similar extents, where-

as Pb-acetate was mineralised at a significantly lower

rate (P < 0.01). Cadmium acetate inhibited soil basal
tals in the Vicarello soils. Symbols *, ** and *** indicate significant



Table 2

Percentage of C added as LMWOAs mineralised to CO2 during the

96-h incubation

Me-acetate complexes decomposition (%)

Soils Mg-

acetate

Cd-

acetate

Cu-

acetate

Pb-

acetate

Zn-

acetate

Woodland 44.1 – 15.2 18.9 35.7

Grassland 41.1 – 41.7 16.0 40.7

Lucerne 32.7 2.1 35.0 28.2 53.3

Wheat 50.4 3.2 24.8 32.3 55.1

Me-citrate complexes decomposition (%)

Soils Mg-

citrate

Cd-

citrate

Cu-

citrate

Pb-

citrate

Zn-

citrate

Woodland 63.5 15.2 23.5 21.1 55.7

Grassland 76.3 15.3 41.8 30.7 47.7

Lucerne 55.4 7.6 55.0 33.6 53.2

Wheat 70.4 5.5 70.7 36.5 49.0

The values were calculated after subtracting the values of CO2–C

evolution of the respective control soils from those of the amended

soils. For statistical analysis, see Fig. 1.
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respiration, resulting in negative net respiration values

(Fig. 1). In the case of metal–citrate complexes, the

Mg-citrate gave the highest net cumulative respiration

whereas Cu-, Pb- and Cd-citrate complexes were

mineralised to the same extent after 96 h (Fig. 1).

In the lucerne soil, the highest net cumulative

mineralisation rates were observed for Zn-acetate,

whereas Mg-, Cu- and Pb-complexes were mineralised

to similar extents (Fig. 1). Among the citrate com-

plexes, those containing Mg, Cu and Zn gave similar

mineralisation rates after 96 h incubation, whereas the

mineralisation of Cd-citrate was very low for the

duration of the experiment (Fig. 1).

In wheat soil, Mg- and Zn-acetate were mineralised

to a similar extent. Copper- and Pb-acetate complexes

were significantly less mineralised (P < 0.01). Among

the citrate complexes, those containing Mg, Cu and Zn

resulted in similar net cumulative respiration after 96

h of incubation whereas Pb-citrate and Cd-citrate were

significantly less mineralised (Fig. 1).
4. Discussion and conclusions

The results indicated that in each soil, the mineral-

isation of different metal –LMWOAs complexes

depended on the complexing metal. Considering the

Mg complexes as a reference compound, only the

LMWOAs complexed with Zn gave similar cumula-

tive net respiration, whereas all of the other heavy

metal complexes were generally degraded to a lesser

extent, following the ranking order of degradability:

Cu>PbHCd. Cadmium acetate in particular, appeared

to be toxic to the soil microflora as its addition resulted

in negative values as compared to the control soils

(Fig. 1).

The net percentage of mineralisation of the C added

as metal–organic complex is shown in Table 2. Such

values were calculated by subtracting those from the

basal respiration. The percentages of mineralisation

were higher with citrate than with acetate complexes.

Probably, different metabolic pathways were involved

in the biodegradation of the metal–organic complexes

as a result of their utilization by different groups of

microorganisms. Possibly, the greater complexing ca-

pacity of citrate than acetate would have led to a

greater metal sequestration resulting in a lower inhi-

bition on microbial metabolism.
Degradation of LMWOAs is an intracellular pro-

cess and the reduction of the basal respiration after the

addition of Cd-acetate to woodland and grassland soils

is an indirect proof that the soil microbial activity is

affected by some heavy metal complexes. Francis et al.

(1992) reported that the inability of microorganisms to

degrade heavy metal–organic complexes could be due

to their molecular configuration which might be un-

suitable for enzymes involved in their metabolism,

rather than by the toxicity of the heavy metals. Russell

et al. (1998) reported that a mixed microbial popula-

tion was able to degrade different metal–EDTA com-

plexes according to the following ranking order:

Fe>Cu>Co>Ni>Cd. It was suggested that different

transporters having lower affinities for heavy metal-

complexed EDTA could be used for uptake of metal

complexes. However, it should be not excluded that

other soil factors like nutrient availability might also

be important in affecting the rates of biodegradation of

metal complexes. Alaoukaty et al. (1991) reported that

Pseudomonas fluorescens strains were able to grow on

Pb-citrate as sole source of carbon if sufficient phos-

phorus was supplied to the growth medium.

To our knowledge, nothing is known about the

indigenous microbial species involved in the degrada-

tion of heavy metal–organic complexes in situ. Results

of this study suggest that it may be important to monitor

the changes in microbial diversity and identify the
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microbial groups that are responsible for the biodegra-

dation of these molecules. The use of 14C-labeled

heavy metal complexes may also allow better discrim-

ination of the fate of the metal complexes that are not

mineralised, but may be incorporated into the soil

organic matter.
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