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Forty percent of hazardous waste sites in the United States are co-contaminated with organic and
metal pollutants. Data from both aerobic and anaerobic systems demonstrate that biodegradation of
the organic component can be reduced by metal toxicity. Metal bioavailability, determined primarily
by medium composition/soil type and pH, governs the extent to which metals affect biodegradation.
Failure to consider bioavailability rather than total metal likely accounts for much of the enormous
variability among reports of inhibitory concentrations of metals. Metals appear to affect organic
biodegradation through impacting both the physiology and ecology of organic degrading micro-
organisms. Recent approaches to increasing organic biodegradation in the presence of metals involve
reduction of metal bioavailability and include the use of metal-resistant bacteria, treatment additives,
and clay minerals. The addition of divalent cations and adjustment of pH are additional strategies
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Remediation of sites co-contaminated with
organic and metal pollutants is a complex
problem, as the two components often must
be treated differently, yet 40% of the haz-
ardous waste sites currently on the National
Priority List of the U.S. Environmental
Protection Agency (U.S. EPA) are co-contami-
nated (Sandrin et al. 2000). Metals most fre-
quently found at U.S. EPA Superfund sites
include arsenic, barium, cadmium, chromium,
lead, mercury, nickel, and zinc. Common
organic co-contaminants include petroleum,
chlorinated solvents, pesticides, and herbicides.
Biodegradation to innocuous end products
(CO,, cell mass, water) is considered to be an
environmentally sound and cost-effective
process for removing organic contaminants
(National Research Council 1994). In con-
trast, the nonbiodegradable metal component
must either be removed or stabilized within
the site. Removal involves a combination of
steps that may include mobilization, separation
and collection, off-site transport, and disposal.
Stabilization of metals requires that the site be
permanently changed in some way. Most dras-
tic is vitrification, wherein contaminated soil is
heated to form a glasslike substance (Staley
1995). Alternatively, the site may be capped or
paved to prevent water from entering the site
and transporting metal contaminants, or site
conditions may be imposed (e.g., anaero-
biosis) that reduce the potential for metal
mobilization and transport (Liu et al. 2001;
Zoumis et al. 2001). In either case, metal
removal or metal stabilization, treatment of
the organic component by biodegradation is
likely to be the first step in remediation of co-
contaminated sites (Roane et al. 1996).

It is well documented that the presence of
metals can inhibit a broad range of microbial
processes including methane metabolism,
growth, nitrogen and sulfur conversions,

dehalogenation, and reductive processes in
general. An exhaustive review of the impacts
of metals on many of these processes is avail-
able (Baath 1989). However, the effects of
metal toxicity on organic pollutant biodegra-
dation in contaminated water and soil envi-
ronments have not been adequately defined
quantitatively or qualitatively. This is because
metals may be present in a variety of different
physical and chemical forms, namely, as sepa-
rate-phase solids, soil-adsorbed species, col-
loidal solutions, soluble complexed species, or
ionic solutes. Related complications stem
from the fact that the physical and chemical
state of metals is affected by environmental
conditions such as pH and ionic strength of
the water phase as well as soil properties that
include ion exchange capacity, clay type and
content, and organic matter content.

In this review we discuss metal inhibition
and toxicity in the context of the biodegrada-
tion of co-contaminant organic chemicals for
which treatment is deemed necessary.
Specifically, we address: ) the importance of
the physical-chemical state of metals in rela-
tion to metal bioavailability and inhibition of
microbial activity, 4) the impact of metals on
aerobic and anaerobic biodegradation
processes, ¢ relationships between metal con-
centration and metal impacts on biodegrada-
tion, and @) how metal toxicity can be
mitigated to allow effective biodegradation of
targeted organic pollutants.

Metal Toxicity and
Bioavailability

Metals exert their toxic effects on micro-
organisms through one or more mechanisms.
An excellent review is available that describes
modes of metal toxicity and the mechanisms by
which microorganisms resist such toxicity (Nies
1999). Toxic metal cations may substitute for
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physiologically essential cations within an
enzyme (e.g., Cd?* may substitute for Zn?*),
rendering the enzyme nonfunctional. Similarly,
metal oxyanions, such as arsenate, may be used
in place of structurally similar, essential non-
metal oxyanions, such as phosphate. In addi-
tion, metals impose oxidative stress on
microorganisms (Kachur et al. 1998).

Metal toxicity is most commonly ascribed
to the tight binding of metal ions to
sulthydryl (-SH) groups of enzymes essential
for microbial metabolism. In fact, the mini-
mum inhibitory concentration (MIC) of a
given metal to Escherichia coli tends to be
related directly to the dissociation constant of
the metal sulfide (Nies 1999). Metals may
inhibit pollutant biodegradation through
interaction with enzymes directly involved in
biodegradation (e.g., pollutant-specific oxyge-
nases) or through interaction with enzymes
involved in general metabolism. In either
case, inhibition is mediated by the ionic form
of the metal (Angle and Chaney 1989). The
implication is that metal toxicity is related to
the concentration of ionic species rather than
to the total or even total soluble metal con-
centration (which may include metal-organic
complexes that are not capable of binding to
enzymes). It follows, then, that the metal
concentration of interest is that which is
capable of binding to enzymes and interfering
with microbial activity. It is this metal con-
centration that we define here as bioavailable
metal. Although the concept of bioavailable
metal is important, measurement of bioavail-
able metal is difficult because it varies
depending on the environment and the type
of organism exposed. The solution-phase
metal concentration is therefore often used to
approximate bioavailable metal, as discussed
in the following sections.

Effect of medium and soil components on
metal bioavailability. In their review of
metal speciation (i.e., the distribution of
different forms, or species, of a given metal),
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bioavailability, and toxicity, Hughes and
Poole (1991) stress the importance of under-
standing metal speciation in the test system.
Unfortunately, few studies provide speciation
information. As a result, an enormous range
of metal concentrations has been reported to

inhibit organic biodegradation (Tables 1
and 2). For instance, five orders of magni-
tude separate lowest reported concentrations
of zinc that inhibit biodegradation.

The fact that not all of the studies cited in
Tables 1 and 2 made exhaustive efforts to

determine the lowest concentration of metal
required to cause a reduction in biodegrada-
tion may explain, in part, the large differences
observed. However, the large range of
reported inhibitory concentrations is also due
to differences in experimental protocols that

Table 1. Reported metal concentrations that cause inhibition of aerobic biodegradation of organic contaminants.

Lowest metal concentration reported

Metal Organic to reduce biodegradation Microbe studied Environment pH Reference
Cd2+ 2,4-DME 0.100 mg/L? Indigenous community Sediment (microcosm) 6.5  Said and Lewis 1991
Cd?* 2,4-DME 0.629 mg/L# Indigenous community Aufwuchs® (microcosm) 56  Saidand Lewis 1991
Cd2+ 4CP, 3CB, 2,4-D, <25.3-50.6 mg/Lab Alcaligenes spp., Pseudomonas spp.,  Tris-buffered minimal 7.0  Springael et al. 1993
XYL, IPB, NAPH, BP Moraxella sp. medium plates
Cd2+ 24-D >3 mg/L? Alcaligenes eutrophus JMP134 Mineral salts medium 6.0  Roaneetal. 2001
Cd?* 24-D 24 mg/L? Alcaligenes eutrophus JMP134 Mineral salts medium 6.0  Roaneetal. 2001
containing cadmium-
resistant isolate
Cd2+ 24-D 0.060 mg/g? Alcaligenes eutrophus JMP134 Soil microcosms 8.2  Roaneetal. 2001
Cd?* 24-D 0.060 mg/g? Alcaligenes eutrophus JMP134 Field-scale bioreactors 82  Roaneetal. 2001
Cd2+ PHEN 1 mg/L4 Indigenous community Soil microcosms 76  Maslin and Maier 2000
Cd2+ NAPH 1 mg/L? Burkholderia sp. Dilute mineral salts medium 6.5  Sandrin et al. 2000
containing 1.4 mM phosphate
Cd?* TOL 37 mg/L? Bacillus sp. Mineral salts medium 59  Amoretal. 2001
containing 36 mM phosphate
Co% 4CP, 3CB, 2,4-D, XYL,  <13.3-1,330 mg/L20 Alcaligenes spp., Pseudomonas spp.,  Tris-buffered minimal 7.0 Springael et al. 1993
IPB, NAPH, BP Moraxella sp. medium plates
Cr+ 2,4-DME 0.177 mg/L# Indigenous community Aufwuchs® (microcosm) 6.1 Saidand Lewis 1991
Cré+ 4CP, 3CB, 2,4-D, XYL, <131 mg/Leb Alcaligenes spp., Pseudomonas spp.,  Tris-buffered minimal 7.0  Springael et al. 1993
IPB, NAPH, BP Moraxella sp. medium plates
Cu?+ 2,4-DME 0.076 mg/L? Indigenous community Sediment (microcosm) 6.1  Said and Lewis 1991
Cu?* 2,4-DME 0.027 mg/L# Indigenous community Aufwuchs® (microcosm) 50  Saidand Lewis 1991
Cu?+ 4CP, 3CB, 2,4-D, XYL,  <14.3-71.6 mg/Leb Alcaligenes sp., Pseudomonas spp.,  Tris-buffered minimal 7.0  Springael et al. 1993
IPB, NAPH, BP Moraxella sp. medium plates
Cu?+ PHB 8 mg/LY Acidovorax delafieldii Agar plates containing 6.9  Birch and Brandl 1996
. 4.70 mM phosphfate
Cu?+ Crude oil 6.30 mg/L? Pseudomonas sp. Mineral salts medium 7.2 Benka-Coker and
containing 31 mM phosphate Ekundayo 1998
Cu?+ Crude oil 11.25 mg/L@ Micrococcus sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
Cu?+ PH 0.01 mg/L? Acinetobacter calcoaceticus, Bioreactor medium containing 7.8  Nakamuraand
AH strain 0.15 mM phosphate Sawada 2000
Hg? 2,4-DME 0.002 mg/L? Indigenous community Aufwuchs® (microcosm) 6.8  Said and Lewis 1991
Hg? 4CP, 3CB, 2,4-D, XYL,  <45.2-226 mg/La'b Alcaligenes sp., Pseudomonas spp., Tris-buffered minimal 7.0 Springael et al. 1993
IPB, NAPH, BP Moraxella sp. medium plates
Mn2+ Crude oil 317.0 mg/L? Pseudomonas sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
Mn2+ Crude oil 28.2 mg/Lé Micrococcus sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
NiZ 4CP, 3CB, 2,4-D, XYL, 5.18-10.3 mg/La? Alcaligenes sp., Pseudomonas spp., ~ Tris-buffered minimal 7.0  Springael etal. 1993
IPB, NAPH, BP Moraxella sp. medium plates
NiZ TOL 20 mg/L? Bacillus sp. Mineral salts medium containing 5.9  Amor et al. 2001
36 mM phosphate
Ph%t Crude oil 2.80 mg/L@ Pseudomonas sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
Ph%t Crude oil 1.41 mg/L? Micrococcus sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
n% 2,4-DME 0.006 mg/L# Indigenous community Sediment (microcosm) 6.4  Saidand Lewis 1991
Znz 2,4-DME 0.041 mg/L? Indigenous community Aufwuchs® (microcosm) 56  Said and Lewis 1991
Zn%* 4CP, 3CB, 2,4-D, <29.5-736 mg/La'b Alcaligenes sp., Pseudomonas spp., Tris-buffered minimal 7.0 Springael et al. 1993
XYL, IPB, NAPH, BP Moraxella sp. medium plates
Zn%* PH 10 mg/L? Acinetobacter calcoaceticus, Bioreactor medium containing 7.8 Nakamura and
AH strain 0.15 mM phosphate Sawada 2000
n% Crude oil 0.43 mg/L@ Pseudomonas sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
n% Crude oil 0.46 mg/L@ Micrococcus sp. Mineral salts medium containing 7.2 Benka-Coker and
31 mM phosphate Ekundayo 1998
n% TOL 2.8 mg/L@ Bacillus sp. Mineral salts medium containing 5.9  Amor et al. 2001

36 mM phosphate

Abbreviations: BP, biphenyl; IPB, isopropylbenzene; MTC, maximum tolerated concentration; TOL, toluene; XYL, xylene.
a\Value represents total metal added to system. ®Value represents MIC calculated by multiplying MTC by a factor of 2.25. MIC = MTC x 2.25. “Floating algal mats. Value represents solu-
tion-phase concentration of metal present in system.
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affected solution-phase metal concentrations.
For example, many laboratory media contain
metal-binding (e.g., yeast extract) and metal-
precipitating (e.g., phosphate or sulfate salts)
components that can reduce solution-phase
metal concentrations (Hughes and Poole
1991; Poulson et al. 1997). Medium pH also
dramatically impacts solution-phase metal
concentrations. As pH increases, metals tend
to form insoluble metal oxides and phos-
phates, resulting in decreased solution-phase
metal concentrations (Hahne and Kroontje
1973). Specifically, in media that contain
phosphate, perhaps the most common buffer
used in microbiology, even a small change in
pH can decrease metal solubility, reducing
solution-phase metal concentrations by sev-
eral orders of magnitude. The effects of pH
and phosphate concentration on the amount
of cadmium in solution as predicted by a
metal speciation modeling program
(MINEQL+; Environmental Research
Software, Hallowell, ME) are illustrated in
Figure 1. At pH 7 the concentration of cad-
mium in solution is 88 mM in the absence of
phosphate. As phosphate is increased to 0.13,
1.3, 13, and 130 mM, the solution-phase
concentration of cadmium is reduced to 50,

17,2, and 0.1 mM, respectively. In the studies
summarized in Tables 1 and 2, pH varied
from 5.0 to 8.2, and phosphate concentra-
tions ranged from 0 to 50 mM. In addition,
many studies used media rich in metal-bind-
ing components, whereas others did not. The
variability of each of these factors hampers
meaningful comparisons between studies and
underscores the need for future studies to
report solution-phase metal concentrations.
In the soil environment, organic matter and
clay mineral content are important factors
that can reduce solution-phase metal concen-
trations. For example, only 0.01 mg solution-
phase cadmium/L was required to inhibit
trichloroaniline (TCA) dechlorination in a
mineral-dominated soil, whereas 0.2 mg
solution-phase cadmium/L was required for
inhibition in an organic matter—dominated
soil (Pardue et al. 1996). This increase in the
amount of cadmium required to inhibit
dechlorination was correlated to saturation of
metal-binding sites on organic matter.
Similarly, Said and Lewis (1991) reported
that biodegradation of 2,4-dichlorophenoxy-
acetic acid methyl ester (2,4-DME) was much
more sensitive to metal inhibition in
aufwuchs (floating algal mats) than in

sediments. The authors suggested that this
was due to greater metal-binding capacity of
sediments. Clay minerals have also been
shown to reduce metal bioavailability. Clays
with high cation exchange capacities (CECs),
such as montmorillonite, appear to be most
effective at reducing metal bioavailability and
toxicity (Babich and Stotzky 1977a, 1977b,
1978). In fact, the large impact of clays on
metal bioavailability has prompted investiga-
tion into the use of clays to reduce metal
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Figure 1. Effect of pH and phosphate concentration
on the solution-phase cadmium (Cd?*) concentra-
tion in a mineral salts medium as predicted by
MINEQL+ geochemical modeling software.

Table 2. Reported metal concentrations that cause inhibition of anaerobic biodegradation of organic contaminants.

Lowest metal concentration

Metal Organic reported to reduce biodegradation Microbe(s) studied Environment pH Reference

Cd2 TCA 0.01 mg/L@ Indigenous community Laboratory soil microcosms 6.9-7.4  Pardue et al. 1996
containing rice paddy and
bottomland hardwood soils

Cd2+ TCA 0.2 mg/L2 Indigenous community Laboratory soil microcosms 6.8 Pardue et al. 1996
containing organic matter-rich soil

Cd2+ 2CP, PH, BEN, 3CB 0.5-1.0 mg/L? Indigenous community Agueous sediment enrichment 7.0 Kuo and Genthner 1996
in anaerobic growth medium

Cd2+ 2CP, 3CP 20 mg/Lb Indigenous community Sediment slurry 7.0 Kong 1998

Cd2 HCB 0.001 mg/g? Indigenous community Microcosms containing NR Jackson and Pardue 1998
contaminated sediment

Crb+ 2CP, PH, BEN, 3CB 0.01-0.5 mg/L? Indigenous community Aqueous sediment enrichment 7.0 Kuo and Genthner 1996
in anaerobic growth medium

Cré 2CP, 3CP 20 mg/Lb Indigenous community Sediment slurry 7.0 Kong 1998

Cu?+ 2CP, PH, BEN, 3CB 0.1-1.0 mg/L? Indigenous community Agueous sediment enrichment in 7.0 Kuo and Genthner 1996
anaerobic growth medium

Cu?+ 2CP, 3CP 20 mg/Lb Indigenous community Sediment slurry 7.0 Kong 1998

Cu?* 2,4-DANT, RDX 4 mg/g? Indigenous community Soil slurry containing 50 mM 6.5 Roberts et al. 1998
phosphate buffer

Cu?* 4-ADNT 8 mg/g? Indigenous community Soil slurry containing 50 mM 6.5 Roberts et al. 1998
phosphate buffer

Hg?* 2CP, PH, BEN, 3CB 0.1-1.0 mg/L? Indigenous community Agueous sediment enrichment in 7.0 Kuo and Genthner 1996
anaerobic growth medium

Ph% HCB 0.001 mg/g? Indigenous community Microcosms containing NR Jackson and Pardue 1998
contaminated sediment

Ph% 2,4-DANT, RDX >1mg/g? Indigenous community Soil slurry containing 50 mM 6.5 Roberts et al. 1998
phosphate buffer

n% pcP 2 mg/Lb Indigenous community Anaerobic digester sludge in a NR Jin and Bhattacharya 1996
liquid medium containing
0.6 mM phosphate

Znz 2,4-DANT 1.5 mg/gb Indigenous community Soil slurry containing 50 mM 6.5 Roberts et al. 1998
phosphate buffer

Znz NB 10 mg/Lb Indigenous community Anaerobic enrichment cultures NR Majumdar et al. 1999
in serum bottles

Znz PCP 8.6 mg/Lb Indigenous community Anaerobic enrichment cultures NR Majumdar et al. 1999

in serum bottles

Abbreviations: 4-ADNT, 4-amino-2,6-dinitrotoluene; NB, nitrobenzene; NR, not reported; RDX, hexahydro-1,3,5-trinitro-1,3,5-triazine.
a\V/alue represents solution-phase concentration of metal present in system. ®Value represents total metal added to system.
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bioavailability and toxicity, as described later
in this review.

In addition to organic matter and clay
minerals, metals may interact with organic
pollutants to affect bioavailable concentrations
of metals. Although a dearth of information is
currently available on this topic, one study has
shown that salicylate, a common intermediate
in the biodegradation of aromatic hydrocar-
bons, increased cadmium uptake and toxicity
in E. coli (Rosner and Aumercier 1990).
Additional research is needed to determine
whether bioavailability and toxicity are
affected similarly with other microorganisms,
metals, and organic pollutants.

Several recent studies illustrate clearly the
degree to which the composition and pH of
media and soils affect metal concentrations.
For example, only 1% of the total zinc added
to acetate enrichment anaerobic cultures in
the work of Majumdar et al. (1999) was in
the aqueous phase. Similarly, Kong (1998)
found that solution-phase metal concentra-
tions in sediment slurries initially amended
with 20 mg total metal/L were below detec-
tion limits of 0.03-0.04 mg/L. Amendments
of 100 mg total metal/L yielded only 1 mg
solution-phase cadmium/L and less than 0.12
mg solution-phase copper and chromium/L.
Finally, Roberts et al. (1998) were unable to
detect solution-phase lead (below 1 mg/L) in
anaerobic soil-slurry bioreactors initially con-
taining 10,000 mg total lead/kg.

Measurement of bioavailable metal.
Reporting of bioavailable metal concentra-
tions is a vital step in the process of standard-
izing experiments to determine the impact of
metals on organic pollutant biodegradation.
Bioavailable metal concentrations can be
estimated from solution-phase metal concen-
trations using tools such as ion-selective elec-
trodes and atomic absorption spectroscopy.
There are also a number of promising tools in
development that use biological systems to
quantify solution-phase and even bioavailable
metal concentrations. These have the advan-
tage that they can be used in complex systems
such as microbiological media and soil. The
first such tool is the immunoassay, which can
detect solution-phase metal concentrations in
the low pg/L range. Immunoassays have been
developed for cadmium, lead, cobalt, nickel,
and zinc. An immunoassay for mercury is
commercially available (Blake et al. 1998;
Khosraviani et al. 1998). The second tool is
the use of bioreporters, which are whole cells
that produce a protein with measurable activ-
ity (e.g., LacZ) or light in response to
bioavailable metal. Bioreporters for detection
of mercury have been created using both the
lacZ system (Rouch et al. 1995) and the lumi-
nescent /ux system (Corbisier et al. 1999;
Selifonova et al. 1993). Although a bio-

reporter measures bioavailable mertal, it
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should be emphasized that depending on the
metal resistance mechanisms of the bio-
reporter system used, measurement of
bioavailable metal can vary. A review of appli-
cations, advantages, and limitations of
immunoassays and bioreporters for metal
detection is available (Neilson and Maier
2001).

Alternatively, geochemical modeling soft-
ware (e.g., MINTEQA2, MINEQL+) can be
used to predict metal speciation as a function
of pH and ionic strength (Pardue et al. 1996).
At least three computational models have
been developed to predict the impact of met-
als on organic biodegradation (Amor et al.
2001; Jin and Bhattacharya 1996; Nakamura
and Sawada 2000). These models account for
metal inhibition by adding metal inhibition
constants (e.g., K) to conventional growth
and/or degradation equations. For instance,
Amor et al. (2001) used a form of the
Andrews equation (often used to describe
microbial growth with inhibition) to model
the effect of cadmium, zinc, and nickel on
rates of alkylbenzene biodegradation

W=, S/(K, +S+8% 1K), (1]

where p is the alkylbenzene biodegradation
rate, Pp.y is the maximum alkylbenzene
biodegradation rate, S is the alkylbenzene
concentration, K; is the alkylbenzene concen-
tration that yields p,,, and X is the metal
inhibition constant.

None of these models currently incorpo-
rates metal speciation and bioavailability. The
concern with the use of such models is that
the data generated may only be meaningful
for the medium or soil that was used to
develop the model. For example, the medium
used by Nakamura and Sawada (2000) was
adjusted to a pH of 7.8 and contained 0.147
mM phosphate. Similarly, the medium used
by Amor et al. (2001) was adjusted to a pH of
5.9 and contained 36 mM phosphate. In
both media, much of the metal may precipi-
tate. Thus, these models are likely to under-
predict metal toxicity in systems that have a
lower pH and/or less phosphate.

Metal Inhibition of
Microbiological Processes

An extensive body of work is available on the
effect of metals on general soil microbiologi-
cal processes. The impact of metals on litter
decomposition, methanogenesis, acidogenesis,
nitrogen transformation, biomass generation,
and enzymatic activity all have been studied
(Babich and Stotzky 1985; Bardgett and
Saggar 1994; Burkhardr et al. 1993; Capone
et al. 1983; Doelman and Haanstra 1979a,b;
Hickey et al. 1989; Knight et al. 1997;
Kouzelikatsiri et al. 1988; Lin 1993;

Masakazu and Itaya 1995; Mosey 1976;
Nandan et al. 1990; Pankhania and Robinson
1984; Rogers and Li 1985). Metals including
copper, zinc, cadmium, chromium (IIT and
VI), nickel, mercury, and lead are reported to
inhibit each of these processes. However,
addition of metals has also been observed to
stimulate activity in some cases. For example,
some metals, including mercury, lead, nickel,
cadmium, and copper, stimulate methano-
genesis in anoxic salt sediments (Capone et al.
1983). In addition, nickel (< 300 mg/L) was
reported to stimulate acidogenesis (Lin 1993).

Studies on the effect of metals on organic
pollutant biodegradation are not extensive but
demonstrate that metals have the potential to
inhibit pollutant biodegradation under both
aerobic and anaerobic conditions. These stud-
ies are summarized in the sections that follow.

Aerobic biodegradation. Metals inhibit
aerobic biodegradation of a variety of organic
pollutants of concern (Table 1), including
chlorinated phenols and benzoates (BENG),
low molecular weight aromatics, and hydroxy-
benzoates. Copper, cadmium, mercury, zin,
and chromium (III) inhibited biodegradation
of 2,4-DME in lakewater samples inoculated
with either a sediment or an aufwuch (floating
algal mat) sample (Said and Lewis 1991). In
the sediment samples, zinc was most toxic,
with an MIC of 0.006 mg total zinc/L,
whereas in samples of aufwuchs, mercury was
most toxic, with an MIC of 0.002 mg total
mercury/L. A pure culture study using a naph-
thalene (NAPH)-degrading Burkholderia sp.
reported an MIC of 1 mg solution-phase cad-
mium/L (Sandrin et al. 2000). A comparable
MIC was reported by Said and Lewis (1991)
for cadmium (0.1 mg total cadmium/L for
sediment samples and 0.629 mg total cad-
mium/L for aufwuch samples). The differ-
ences between these MICs are likely
organism/community specific.

Springael et al. (1993) reported metal inhi-
bition of pollutant biodegradation by several
bacterial genera tested under pure culture con-
ditions. In this case, the reported MICs were
2-4 orders of magnitude higher than those
reported by Said and Lewis (1991) (Table 1).
This large discrepancy is likely due to differ-
ences in test conditions. Agar media were used
in this study, and it has been pointed out that
colony growth may protect against metal toxic-
ity and result in higher MICs.

Metal inhibition has also been observed in
metal-contaminated soil systems. For exam-
ple, cadmium added at levels of 60 mg total
cadmium/kg was found to inhibit biodegra-
dation of 2,4-dichlorophenoxyacetic acid
(2,4-D) in a soil system inoculated with the
2,4-D-degrader Alcaligenes eutrophus JMP134
(Roane et al. 2001; Roane and Pepper 1997).
Experiments with an indigenous soil commu-

nity (Maslin and Maier 2000) examined the
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impact of cadmium on phenanthrene
(PHEN) biodegradation in two desert soils
over a 9-day period. Results showed a 5-day
increase in lag period for PHEN degradation
in the presence of 1 and 2 mg solution-phase
cadmium/L and complete inhibition at 3 mg
solution-phase cadmium/L. Note that in this
soil system, 3 mg solution-phase cadmium/L
was equivalent to 394 mg total cadmium/kg
added to the soil.

Studies investigating the impact of metal
toxicity on biodegradation are not limited to
aromatic contaminants. The impact of copper
toxicity on biodegradation of a biodegradable
polymer, polyhydroxybutyrate (PHB), has
been investigated (Birch and Brandl 1996).
This compound is commonly used for med-
ical, agricultural, and industrial purposes. In
agriculture, the material is used both as film
mulch and as a long-term delivery device for
fertilizers. In both cases the material is
expected to biodegrade after use. However,
treatment of agricultural fields with sewage
sludges, which often have high copper con-
centrations, can increase the soil copper con-
tent. The impact of copper toxicity on PHB
biodegradation was determined by placing a
PHB-containing agar overlay on a copper-
containing agar. The plate was incubated at a
slant so that copper diffusion into the overlay
created a concentration gradient along the
length of the plate. The plates were then
inoculated with a PHB-degrading strain of
Acidovorax delafieldii. The bioavailable con-
centration of copper along the gradient was
estimated by measuring copper in filter paper
that contacted the gradient. Using this novel
method, the authors found that 8-15 mg
bioavailable copper/L were required to inhibit
PHB biodegradation.

Not all studies have investigated the
impact of single metals on biodegradation of
only a single, pure organic. Benka-Coker and
Ekundayo (1998) investigated the impact of
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Figure 2. Effect of metal concentration on pattern
of inhibition of organic pollutant biodegradation
assuming: A, a direct relationship; B, additional
pattern 1; and C, additional pattern 2.

zing, lead, copper, and manganese on crude
oil biodegradation by a Micrococcus sp. and a
Pseudomonas sp. Biodegradation was reduced
most by zinc (concentrations as low as 0.43
mg total zinc/L) and least by manganese (con-
centrations as low as 28.2 mg total man-
ganese/L). Interestingly, combinations of
metals were less toxic than some single metals.
For instance, toxicity of 0.5 mg total zinc/L
was mitigated by addition of 0.5 mg total
copper, lead, and manganese/L.

Anaerobic biodegradation. Anaerobic
metabolism is an important and sometimes
the sole process for biodegradation of highly
halogenated organics such as trichloroethene
and perchloroethene (Alexander 1999). Often,
these solvents have been co-disposed with
metals. For this reason several recent studies
have addressed the impact of metal toxicity on
the anaerobic biodegradation of organic pollu-
tants (Table 2). Despite that anaerobic condi-
tions are thought to largely reduce the
solubility and mobility of many toxic metals,
data from studies summarized below suggest
that metal inhibition of biodegradation is
significant in many of these systems.

Representative of solution studies, Kuo
and Genthner (1996) investigated the impact
of cadmium, copper, chromium, and mercury
on dechlorination and biodegradation by an
anaerobic bacterial consortium isolated from
an aquatic sediment. This consortium was
capable of completely degrading 2-chloro-
phenol (2CP), 3-chlorobenzoate (3CB), phe-
nol (PH), and BEN. In general, the addition
of low levels of metals (0.1-2.0 mg total
metal/L) lengthened acclimation periods and
decreased dechlorination and biodegradation
rates. Biodegradation of 3CB was inhibited
most by cadmium and chromium, biodegra-
dation of BEN was most sensitive to copper,
and biodegradation of PH was reduced most
by mercury. Similarly, cadmium has been
shown to reduce the rate of anaerobic pen-
tachlorophenol (PCP) biodegradation
(Kamashwaran and Crawford 2001). Kuo
and Genthner (1996) point out that their
results suggest that, in addition to adversely
affecting degraders in a consortium, metals
may affect nondegrading consortium mem-
bers that play a vital but indirect role in the
degradation process. For instance, members
of the consortium that produce reducing
equivalents for reductive dehalogenation or
remove dechlorinated products from the sys-
tem to allow further dehalogenation may be
inhibited, thus reducing the overall rate and
extent of biodegradation.

Such an indirect mode of toxicity has also
been implicated in metal inhibition of anaero-
bic biodegradation of trinitrotoluene (TNT)
metabolites (Roberts et al. 1998). In this
study, copper, zinc, and lead did not affect
establishment of anaerobic conditions in
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bioreactors containing soil slurries nor did
these metals impact loss of the parent TNT
compound. However, the subsequent removal
of TNT degradation intermediates was
reduced by each of the metals. For example,
lead (total concentrations > 1,000 mg/kg)
delayed degradation of a TNT biodegradation
intermediate (2,4-diamino-6-nitrotoluene
[2,4-DANT]) by as many as 9 days. Zinc
(1,500 mg total zinc/kg) delayed degradation
of the same intermediate by eight days.
Copper (4,000 and 8,000 mg total
copper/kg) completely inhibited removal of
this intermediate. Clearly, when considering
the impact of metals on organic biodegrada-
tion, the effects of metals on populations
other than degraders of the parent compound
must also be considered.

A small number of studies have been con-
ducted in anaerobic soil and sediment sys-
tems. Work in soil systems suggests that soil
type influences metal toxicity. For example,
Pardue et al. (1996) examined the impact of
cadmium on reductive dehalogenation of
TCA in different soils. In microcosms con-
taining two mineral-dominated soils, only
0.01 mg solution-phase cadmium/L was
required to inhibit reductive dehalogenation.
In microcosms containing an organic mat-
ter—dominated soil, more than an order of
magnitude higher cadmium concentration
(0.2 mg solution-phase cadmium/L)
was required to inhibit dehalogenation.
Furthermore, results showed that the dehalo-
genation pathway used was affected by the
cadmium concentration. A single dehalo-
genation pathway was observed until the cad-
mium concentration neared the inhibitory
concentration. At this point, a second degra-
dation pathway was observed. This suggests
that cadmium stress selected for a different
dehalogenating population. Sediments have
also been shown to mediate metal toxicity.
The impact of metals on reductive dehalo-
genation of hexachlorobenzene (HCB) in a
waste lagoon sediment co-contaminated with
cadmium and lead has been investigated
(Jackson and Pardue 1998). In this study,
cadmium and lead inhibited reductive
dehalogenation, but only when not bound to
sediment material and present in the free,
bioavailable form.

Relationships between Metal
Concentration and Inhibition
of Biodegradation

The data presented thus far suggest that
inhibition increases progressively as the
concentration of bioavailable metal in a co-
contaminated environment increases (Figure
2A). However, this pattern is not always
observed. In fact, there is evidence for two
additional patterns of metal effects on organic
biodegradation.
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Additional pattern 1: low metal concentra-
tions stimulate biodegradation; high metal
concentrations inhibit. A number of studies
show a pattern of metal toxicity in which low
metal concentrations stimulate activity until a
maximum level of stimulation is reached, and
thereafter, metal toxicity increases with increas-
ing metal concentration (Figure 2B). It should
be noted that all these studies used consortia
not single isolates. Therefore, it is likely that
this pattern is a result of differential toxicity
effects, wherein a second population more sen-
sitive to metal stress competes in some way
with the population expressing the activity of
interest. Inhibition of the second population
reduces competition for resources needed by
the first population. Supporting this pattern is
evidence from Capone et al. (1983) that
methanogenesis was stimulated by the addition
of some metals. The authors suggested that this
may have been due to differential inhibition of
the methanogenic and nonmethanogenic
microorganisms. Metals may have selected for
a metal-resistant, methanogenic population,
which reduced competition from a metal-sensi-
tive, nonmethanogenic population. Similarly,
Kuo and Genthner (1996) reported that the
addition of some metals at low levels stimu-
lated biodegradation. Hexavalent chromium
(0.01 mg total chromium/L) increased the
biodegradation rate of PH by 177% and that
of BEN by 169% over controls containing no
metals. Copper and cadmium (both at 0.01
mg total metal/L) increased the BEN biodegra-
dation rate 185% and the 2CP biodegradation
rate by 168%. Furthermore, 1-2 mg total mer-
cury/L increased the biodegradation rates of
2CPand 3-chlorophenol (3CP) by 133-154%.

Similar results have been reported (Hughes
and Poole 1989; Sterritt and Lester 1980).
These groups suggested the stimulatory effect
may be due to metals reducing competition for
reducing equivalents or nutrients between
metal-resistant degraders and metal-sensitive
nondegraders. As in the work of Roberts et al.
(1998) and Capone et al. (1983), the impact of
metals on microbially mediated processes in
these studies may be due mainly to the effects
of metals on a population other than the one
carrying out the process of interest. The exis-
tence of this pattern of metal effects under-
scores the importance of considering not only
the physiological impact of a toxic metal on a
target-degrading population but also the eco-
logical impact of the toxic metal.

Additional pattern 2: low metal concen-
trations inhibit biodegradation; high metal
concentrations inhibit less. Some studies have
shown that low concentrations of metals
increasingly inhibit activity until 2 maximum
level of inhibition is reached, and thereafter,
metal toxicity decreases with increasing metal
concentration (Figure 2C). The work
reported by Said and Lewis (1991) generally
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shows that 2,4-DME biodegradation
decreased as the metal concentration
increased (Figure 2A). However, a closer
examination of their data reveals that the
maximal degradation rate of 2,4-DME (V/,,,)
was significantly less in the presence of 10 uM
cadmium (0.61 + 0.03 pg 2,4-DME/L/min)
than in the presence of 100 pM cadmium
(0.74 £ 0.00 pg 2,4-DME/L/min). In a later
study, a similar pattern of inhibition was
observed as populations of 2,4-D degraders in
a cadmium-contaminated soil were reported
to be more resistant to cadmium toxicity at a
higher concentration of cadmium (40 mg total
cadmium/L) than at a lower concentration of
cadmium (20 mg total cadmium/L) (Roane
and Pepper 1997). These responses to metals
might be explained by microbial community
dynamics wherein high metal concentrations
create selective pressure for metal-resistant,
organic-degrading microorganisms. This selec-
tive pressure may have reduced competition
from metal-sensitive, nondegrading micro-
organisms, thus increasing biodegradation at
higher metal concentrations; however, this
pattern has also been observed in a pure cul-
ture study of the effect of cadmium on NAPH
biodegradation by a Burkholderia sp. (Sandrin
et al. 2000). Whereas solution-phase cadmium
concentrations from 1 to 50 mg/L increasingly
inhibited NAPH biodegradation, the highest
investigated concentration of solution-phase
cadmium (100 mg/L) showed reduced inhibi-
tion of NAPH biodegradation. It is possible
that at high cadmium concentrations, cad-
mium uptake was reduced. This hypothesis is
supported by a study showing that the initial
rate of cadmium uptake by E. coli K-12 was
lower at a higher cadmium concentration
(5.0 pM) than at a lower cadmium concentra-
tion (2.5 uM) (Laddaga and Silver 1985). It
also remains possible that high metal concen-
trations may more rapidly induce a metal-
resistance mechanism important in cadmium
detoxification (e.g., an efflux pump) than low
metal concentrations.

In summary, the existence of different
patterns of response to metals complicates
understanding and predicting metal toxicity
in the environment. As demonstrated by the
patterns described above, metals may impact
both the physiology and ecology of pollutant-
degrading microorganisms. For this reason
models designed to predict the impact of
metals on biodegradation may fail to do so
accurately unless they incorporate both physi-
ologic and ecologic impacts of metals on
organic-degrading microorganisms.
Approaches to Increasing
Biodegradation in
Co-contaminated Environments

A review of the literature shows a number of
possible approaches that can be used to lower

metal bioavailability and/or increase microbial
tolerance to metals. These include inoculation
with metal-resistant microorganisms and
addition of materials that reduce metal
bioavailability, including calcium carbonate,
phosphate, clay minerals, and surfactants.
Metal-resistant bacteria. Microorganisms
exhibit several types of metal resistance (Ji and
Silver 1995; Nies 1992, 1999; Nies and Silver
1995; Rosen 1996; Silver 1996; Silver and
Phung 1996). For example, many microor-
ganisms can mitigate the toxicity of some met-
als (e.g., divalent mercury and arsenate)
through reduction by using the metals as elec-
tron acceptors. However, many toxic metals
such as cadmium (redox potential, —-824 mV)
have redox potentials outside the aerobic phys-
iologic redox range (from —421 mV to +808
mV). Thus, their toxicity cannot be mitigated
by reduction. Other mechanisms of metal
resistance are common and include intra- and
extracellular metal sequestration, metal reduc-
tion, metal efflux pumps, and production of
metal chelators such as metallothioneins and
biosurfactants. Microorganisms may be capa-
ble of acclimating to metal toxicity, as has
been suggested for mercury (Liebert et al.
1991). Thus far, only one study has investi-
gated inoculation with metal-resistant bacteria
to enhance organic contaminant biodegrada-
tion in a co-contaminated system (Roane et al.
2001). In this study, soil microcosms were co-
contaminated with 2,4-D (500 mg/kg) and
cadmium (60 mg total cadmium/kg). Because
this soil did not contain an active 2,4-D-
degrading population, inoculation with A.
eutrophus JMP134, a 2,4-D degrader, was
required; however, JMP134 is sensitive to cad-
mium. For rapid degradation of 2,4-D to be
achieved, it was necessary to inoculate with
both JMP134 and a cadmium-resistant isolate,
Pseudomonas H1, which accumulates cadmium
intracellularly. These results suggest that in the
presence of a toxic metal, inoculation with
metal-resistant microorganisms that reduce
bioavailable metal concentrations via sequestra-
tion will foster increased biodegradation.
Treatment additives. Treatment additives
such as calcium carbonate, phosphate,
cement, manganese oxide, and magnesium
hydroxide can be added to metal-contami-
nated sites to reduce metal bioavailability and
mobility (Hettiarachchi et al. 2000; Ruby
et al. 1994; Traina and Laperche 1999).
Despite the well-documented ability of treat-
ment additives to reduce metal mobility and
solubility, only a single study has examined
the impact of such reductions on metal
toxicity to pollutant-degrading soil microor-
ganisms. Jonioh et al. (1999) examined the
effect of calcium carbonate on the toxicity of
lead to microorganisms isolated from a mili-
tary rifle range soil contaminated with lead
and other heavy metals. Using the Microtox
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assay, which uses a luminescence assay to
determine viability (Strategic Diagnostics,
Inc., Newark, DE), calcium carbonate was
found to reduce lead toxicity when added at
1, 2.5, 5, and 10%. For example, the effective
concentration of lead-contaminated soil
required for a 50% reduction in loss of lumi-
nescence increased from 14% in the absence
of calcium carbonate to 75% in the presence
of 10% calcium carbonate. Calcium carbon-
ate was found to decrease lead leachability
and to raise the soil pH. Because metal
bioavailability typically decreases as pH
increases, the additive likely reduced lead tox-
icity by reducing lead bioavailability. These
promising results suggest that treatment addi-
tives may be an effective means to increase
organic pollutant biodegradation in the
presence of toxic levels of metals.

Clay minerals. Metal bioavailability and
resulting toxicity have been reduced using clay
minerals. For example, the addition of
kaolinite (1-20%) or montmorillonite (1-5%)
to an agar medium containing cadmium
reduced the toxicity of cadmium to fungi, bac-
teria, and an actinomycete (Babich and Stotzky
1977b; 1978). Similarly, in solution studies,
Kamel (1986) reported that 3% bentonite and
vermiculite reduced the toxicity of 150 mg
total cadmium/L to Streptomyces bottropensis.
Kaolinite also reduced cadmium toxicity, but
more was required (6% vs 3%), and less pro-
tection was afforded than with the other clays.
In general, increasing protection from cad-
mium toxicity was observed as the clay concen-
tration increased, and the amount of
protection each clay afforded correlated well
with its CEC. The most effective clay, vermi-
culite, had a CEC of 108.7 meq/g, whereas the
least effective clay, kaolinite, had a CEC of
only 4.8 meq/g.

The impact of clay addition on metal tox-
icity was less pronounced in soil than in the
plate and solution studies described above.
Babich and Stotzky (1977b) found that
3-12% montmorillonite was required to
reduce cadmium toxicity to various fungi in
soil; however, kaolinite failed to reduce toxic-
ity. As with the results of their plate studies,
the low CEC of kaolinite appeared to explain
its failure to reduce metal bioavailability and
hence toxicity.

Chelating agents. Chelating agents have
been employed to reduce metal toxicity to
organic-degrading microorganisms. Ethyl-
enediamine-tetraacetic acid (EDTA) reduces
the toxicity of cadmium to Chlorella sp. (Upitis
et al. 1973), of nickel to algae (Spencer and
Nichols 1983) and an actinomycete (Babich et
al. 1983b), and of copper to bacteria and algae
(Sunda and Guillard 1976). However, the tox-
icity of EDTA to many microorganisms and its
limited biodegradability reduce its suitability
for application to the bioremediation of

co-contaminated environments (Borgmann
and Norwood 1995; Braide 1984; Ibim et al.
1992; Ogundele 1999). For this reason, the
use of other chelating agents to reduce metal
toxicity is of greater interest.

Malakul et al. (1998) have shown that a
commercially available chelating resin (Chelex
100; Biorad, Hercules, CA) and surfactant-
modified clays reduced cadmium toxicity dur-
ing biodegradation of NAPH. Clays were
modified by adsorbing a cationic surfactant to
the clay surface to which various metal-bind-
ing ligands (e.g., palmitic acid) were attached
via hydrophobic interactions. NAPH
biodegradation occurred at higher cadmium
concentrations in the presence of either
Chelex 100 or the modified clays than in con-
trols containing either no clay or unmodified
clay. The abilities of the resin and the modi-
fied clays to reduce cadmium toxicity were
quantitatively related to the metal adsorption
characteristics of the two chelating agents.

Microbially produced surfactants (biosur-
factants) show promise for enhancing organic
biodegradation in the presence of metals.
Sandrin et al. (2000) showed that a rhamno-
lipid biosurfactant produced by P. aeruginosa
reduced cadmium toxicity during NAPH
biodegradation by a Burkholderia sp. in solu-
tion studies. The mechanism by which the
biosurfactant reduced cadmium toxicity
appeared to involve a combination of rham-
nolipid complexation of cadmium and rham-
nolipid-induced lipopolysaccharide release
from the outer membrane of the degrader
(Al-Tahhan et al. 2000; Goldberg et al. 1983;
Leive 1965). Maslin and Maier (2000) used
the same biosurfactant to reduce cadmium
toxicity during biodegradation of PHEN by
indigenous populations in two soils co-conta-
minated with PHEN and cadmium. PHEN
mineralization was increased from 7.5 to 35%
in one soil and from 10 to 58% in the second
soil in response to up to three applications of
rhamnolipid. Repeated application was neces-
sary because of biodegradation of rhamno-
lipid, which occurred in 2—-3 weeks.

Possible approaches: pH and divalent
cations. Two environmental factors that pro-
foundly impact the toxicity of metals to
microorganisms are pH (Babich and Stotzky
1977a, 1977¢, 1985; Babich et al. 1983, 1985;
Korkeala and Pekkanen 1978) and the presence
of inorganic cations (Babich and Stotzky 1979)
and anions (Forsberg 1978). Curiously,
manipulation of either of these factors as a
means to increase organic biodegradation in the
presence of metals has gone largely unexplored.

pH. pH has been widely reported to
mediate metal toxicity (Babich et al. 1985).
Increasing pH reduced the toxicity of nickel
to bacteria, an actinomycete, a yeast, and a fil-
amentous fungus (Babich and Stotzky
1982a,1982b, 1983a, 1983c). In contrast and
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more commonly reported, increasing pH
increases the toxicity of metals. For example,
increasing pH increased the toxicity of zinc to
filamentous fungi and of cadmium to bacteria
(Babich and Stotzky 1977¢, 1983a, 1983c;
Korkeala and Pekkanen 1978), of copper and
uranium to Chlorella sp. (Franklin et al.
2000), and of zinc to algae (Hargreaves and
Whitton 1976).

The mechanism by which pH mediates
metal toxicity to microorganisms has not
been established but may involve 4) the pref-
erence of a microorganism for a particular
growth pH in the absence of a toxic metal
(i.e., the microorganism is acidophilic or alka-
liphilic) (Babich and Stotzky 1983a); 4) a
reduction in heavy metal adsorption and
uptake by microorganisms, as has been shown
in Burkholderia sp. (Sandrin and Maier
2002), in C. regularis (Sakaguchi et al. 1979),
and in Klebsiella pneumonia (Rudd et al.
1983); and/or ¢) the speciation of the metal in
question to a more or less toxic form (Babich
and Stotzky 1985; Collins and Stotzky 1992;
Ivanov et al. 1997). Data from one of the
studies described above (Franklin et al. 2000)
suggest that even relatively small changes in
pH (e.g., from 6.5 to 5.7) can reduce metal
toxicity. A commonly used method to reme-
diate metal-contaminated soils involves wash-
ing with acidic solutions to facilitate
mobilization and flushing of the metal from
the soil matrix (Pichtel and Pichtel 1997;
Roane et al. 1996; Tuin and Tels 1991).
With this approach, it may be feasible to
reduce the pH of a metal and organic co-con-
taminated soil to first optimize organic
biodegradation. After biodegradation of the
organic contaminant had occurred, the pH of
the soil could be further reduced to maximize
metal leaching. Suggesting that this approach
may be effective, Sandrin and Maier (2002)
found that cadmium toxicity during NAPH
biodegradation could be reduced by lowering
pH from 7 to 4.

Divalent cations. Divalent cations, such as
zing, have been reported to mitigate metal toxi-
city. Higham et al. (1985) showed that addi-
tion of 60 pM total zinc reduced toxicity of
3 mM total cadmium to P. putida. Specifically,
the lag phase was reduced, and the growth rate
and cell yield were increased. Zinc had no
effect on cells grown without cadmium.
Similarly, magnesium reduced toxicity of
nickel to bacteria and yeast (Abelson and
Aldous 1950), to filamentous fungi (Babich
and Stotzky 1981, 1982a, 1983b, 1983c¢), and
to a filamentous alga (Say and Whitton 1977).
Calcium has been reported to reduce cadmium
toxicity to an alga (Gipps and Coller 1982)
and to reduce zinc toxicity to a cyano-
bacterium (Shehata and Whitton 1982) and
algae (Harding and Whitton 1977; Rai et al.
1981). The protective effect of divalent cations
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such as zinc against metal toxicity is not lim-
ited to microorganisms. Zinc has been impli-
cated in protection from cadmium-induced
formation of tumors (Gunn et al. 1963), sarco-
mas (Gunn et al. 1964), and lesion develop-
ment in rats and mice (Gabbiani et al. 1976).
Despite the widespread demonstration of
the protective effects of divalent cations such
as zinc against metal toxicity, little is under-
stood with regard to the mechanism of pro-
tection. However, cadmium uptake has been
found to be very dependent on zinc concen-
tration. In studies investigating uptake of
109Cd?*, zinc was a competitive inhibitor of
cadmium uptake and exhibited a K; of
4.6 pM (Laddaga and Silver 1985). A more
detailed understanding of the mode of protec-
tion by divalent cations might lead to the
development of strategies to bioremediate co-
contaminated sites in which a relatively non-
toxic divalent cation (e.g., calcium) is added
to a site to induce metal resistance and
enhance organic biodegradation. Sandrin
(2000) investigated the ability of seven diva-
lent cations (calcium, cobalt, copper, iron,
magnesium, manganese, zinc) to reduce inhi-
bition of NAPH biodegradation caused by 10
and 37.5 mg solution-phase cadmium/L.
Addition of 90 mg total zinc/L to treatments
containing 37.5 mg solution-phase cad-
mium/L cadmium eliminated a 48-hr cad-
mium-induced lag phase. The remaining
cations had inhibitory or no effects on NAPH
biodegradation. Additional research is
required to ascertain whether less toxic
cations can be used to elicit similar effects.

Conclusions

The timely and cost-effective remediation of
metal and organic co-contaminated sites man-
dates an understanding of the extent and
mechanisms by which toxic metals inhibit
organic biodegradation. Past attempts to
quantify the impact of metals on biodegrada-
tion are difficult to interpret because they have
generally been based on total metal rather than
solution-phase or bioavailable metal concen-
trations. This has resulted in reported
inhibitory concentrations of metals that vary
by as many as 5 orders of magnitude. A crucial
first step will be to report consistently solu-
tion-phase or bioavailable metal concentra-
tions in the future so that a legitimate
comparison of biodegradation behavior in co-
contaminated sites can be made. Currently,
our best approximation is to measure and use
solution-phase metal data. However, new
methods of defining and determining bioavail-
able metal are rapidly being developed.
Despite the enormous variance among
reported inhibitory concentrations of metals,
it remains clear that metals have the potential
to inhibit organic biodegradation in both acr-
obic and anaerobic systems. The mechanisms
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by which metals inhibit biodegradation vary
with the composition and complexity of the
system under study and include both physio-
logical and ecological components. A more
thorough understanding of these systems tak-
ing into account various levels of complexity is
needed to develop new approaches to remedia-
tion of co-contaminated sites. That said, there
already exist a number of approaches, includ-
ing addition of metal-resistant microorgan-
isms, pH adjustment, and additives that
reduce metal bioavailability. However, field
trials are needed to validate these approaches.
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