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ABSTRACT 

Forty percent of hazardous waste sites on the U. S. Environmental Protection 

Agency's National Priority List (NPL) are cocontaminated with organic and metal pollutants. 

Conventional approaches to remediating these sites are costly and often ineffective. 

Bioremediation is a promising, cost-effective alternative but metal toxicity at cocontaminated 

sites may limit its efficacy. The research described in this dissertation provides two new 

possible approaches to enhance the bioremediation of cocontaminated environments and 

sheds light on the relationship between metal concentration and inhibition of organic 

pollutant biodegradation. 

In Objective 1, a rhamnolipid biosurfactant was employed to increase naphthalene 

biodegradation in the presence of cadmium. The biosurfactant reduced bioavailable cadmium 

concentrations and increased naphthalene bioavailability. Neither of these phenomena, 

however, fully accounted for the ability of rhanmolipid to reduce cadmium toxicity. The 

ability of rhamnolipid to alter the cell surface appeared critical to its ability to mitigate 

toxicity. 

In Objective 2, pH was lowered to increase naphthalene biodegradation in the 

presence of cadmium. Reductions in pH had previously been reported to mitigate metal 

toxicity, but the mechanism of such reductions warranted elucidation. Previous studies 

implicated the formation of monovalent hydroxylated metal in the mechanism by which pH 

mediates toxicity. Results of this study, however, suggest that the importance of such 

species in determining toxicity may be much less than that of the increased competition 
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between hydrogen and metal ions for binding sites on the cell surface at reduced pH. 

An indirect relationship between metal concentration and inhibition of organic 

biodegradation was revealed in Objective 3. Naphthalene biodegradation was more sensitive 

to cadmium concentrations of 10 and 37.5 mg/L than 100 mg/L. For this reason, we 

investigated whether naphthalene biodegradation could be increased in the presence of a 

toxic concentration of cadmium by raising the total metal concentration to a higher, but 

relatively less toxic concentration. Only elevated concentrations of zinc reduced 

toxicity. High but less toxic levels of metal may more rapidly induce the transcription of a 

gene(s) important in metal efiQux than, lower more toxic concentrations. 
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Chapter 1 

Literature Review 

Explanation of Problem 

Soil and groundwater contamination by hazardous waste is an ever-present problem 

in both developed and developing countries. The United States alone generates an estimated 

2S0 million tons of hazardous waste annually (Getis,1991). Less than half is treated prior 

to its discharge into the environment (ReVelle and ReVelle, 1984). Developing countries 

often generate less hazardous waste than developed countries, but may lack the necessary 

resources and technologies to prevent these pollutants from adversely afifecting the 

environment and its inhabitants. Even technologies used in the United States in the 

remediation of sites contaminated with hazardous wastes have been deemed expensive and 

inefficient (MacDonald and Kavanaugh, 1994). 

The cost and ineffectiveness of current remediation approaches warrant the 

investigation of alternative clean-up strategies. Alternative approaches such as 

bioremediation may be more effective and less costly than conventional approaches. 

Bioremediation is certainly not without limitations, though. The limitations conventional 

technologies face (e.g. physical heterogeneity of the subsur&ce, sorption of contaminants to 

soil particle surfaces, etc.) often hinder bioremediation efforts as well. In addition, 

bioremediation requires that site conditions be kept favorable for microorganisms at work 

degrading the pollutants. 
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The nature of the contaminants (metallic or organic) at a hazardous waste site may 

dictate whether alternative technologies such as bioremediation can be used successfully at 

a particular site. A recent survey of the Environmental Protection Agency's National Priority 

List revealed that 40% of hazardous waste sites in the United States are cocontaminated with 

both organic and metal pollutants. While organic contaminants are usually amenable to 

biodegradation, metal contaminants are not. In addition, metals are often toxic to organic-

degrading microbial populations, and thereby inhibit biodegradation of the organic 

poUutant(s). Thus the presence of metals at these myriad cocontaminated sites may limit 

applications ofbioremediation. Surprisingly little research has been dedicated to overcoming 

this limitation ofbioremediation. 

A survey of the performance history of conventional remediation strategies as well 

as the promise of increased economy and efBcacy of bioremediation reveals the need for 

investigating and enhancing alternative strategies such as bioremediation. 

Conventional Remediation Approaches 

The most common approach to remediating groundwater contaminated with 

hazardous wastes is known as "pump-and-treat." Approximately 75% of all U. S. Superfund 

sites and most Resource Conservation and Recovery Act (RCRA) sites are remediated using 

this approach. Using this method, contaminated water is removed via extraction wells, 

treated on the surface to remove the contaminant(s), and either re-injected or disposed of 
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ofiT-site. In theory, flushing the affected area with enough water facilitates the complete 

dissolution and removal of the pollutant. 

The results obtained with pump and treat rarely measure up to the performance of 

the system predicted by theory alone. One study investigated the efficacy of 77 hazardous 

waste sites under remediation using pump and treat (MacDonald and Kavanaugh, 1994). The 

remediation efforts were deemed effective at only eight of these sites. The sites at which 

pump and treat was effective were quite simple, typically consisting of a sin^e component 

(e.g. petroleum leaking from an underground storage tank). In addition, treatment of these 

sites began very soon after the spill of the contaminant occurred. Furthermore, the 

biodegradability of the pollutants at these eight sites probably allowed microorganisms to 

reduce the amount of pollutant that had to be removed via pumping. 

The efficacy of pump and treat at the remaining 65 sites was far less than that at the 

eight relatively simple sites. The rate of remediation at many sites was so low that decades 

would be required to reach current maximum contaminant levels. In addition to inadequate 

extraction rates (often less than one pore volume per year), the poor performance of pump-

and-treat at these sites was attributed to physical heterogeneities of the subsurface, sorption 

of the contaminant onto soil particle surfaces, diffiision of the contaminant into inaccessible 

portions of the soil matrix, and inadequate site characterization (National Research Council, 

1994). 

The fate of conventional technologies such as pump and treat is further dinuned by 

high standards of remediation endpoints. Legislators often assume that such existing 
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technologies allow restoration of contaminated groundwater to drinking water standards. 

In fact, the drinking water standard was applied to 270 of approximately 300 Superflmd sites 

between 1987 and 1991. As described above, though, existing technologies only rarely allow 

such high standards to be reached (MacDonald and Kavanaugh, 1994). 

Alternative Remediation Approaches 

Bioremediation has a number of advantages over conventional remediation 

approaches (Alexander, 1999; Boopathy, 2000; 1994; Romantschuk et al., 2000). First, 

bioremediation can be used in situ. This eliminates cost associated with excavating and 

treatment ex situ. Further reducing costs, bioremediation usually requires less pumping than 

pump and treat. Even though less pumping is involved in bioremediation, the rate of cleanup 

may be much faster with this alternative approach. Additionally, microbes can move via 

chemotaxis towards a contaminant. This may increase the area in which active 

biodegradation is occurring. Finally, a significant advantage of bioremediation over more 

conventional approaches is that bioremediation typically produces only carbon dioxide and 

water as byproducts as opposed to the toxic byproducts often associated with some 

physical/chemical methods of remediation (National Research Council, 1994). The lower 

costs and increased efficacy ofbioremediation was first demonstrated during the remediation 

of a leak from a petroleum pipeline in Amber, Pennsjdvania in 1972 (Lee and Ward, 198S). 

Bioremediation continues to be a viable alternative to conventional remediation approaches. 

In fact, hazardous waste sites containing refinery wastes, crude oil, fuel, phenols, cresols. 
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acetone, and cellulose-based wastes are commonly remediated using bioremediation 

(National Research Council, 1994). Furthermore, the number of contaminants to which 

bioremediation can be applied is increasing (Borden et al., 1997). 

Despite the advantages and demonstrated efficacy of alternative remediation 

approaches, such alternatives are not utilized as commonly as one might believe. Of the 27% 

of Superfund sites treated with approaches other than pump-and-treat through 1992, few 

were treated with innovative technologies. Instead, conmiunities surrounding these sites 

typically elected to use alternate sources of water, to limit water use, or to treat water at the 

wellhead (MacDonald and Kavanaugh, 1994). 

Reasons for the lack of more widespread use of alternative approaches such as 

bioremediation are manifold. Many regulations do not encourage (and often prohibit) the 

use of alternative technologies. In fact, stricter standards and restrictions have been imposed 

when using strategies such as bioremediation instead of more conventional approaches such 

as pump and treat (Boopathy, 2000). In addition, many parties with financial stakes in the 

remediation process practice "technology conservatism" (Eccles, 1999) and are not willing 

to manage the risk of failure of these less demonstrated approaches (MacDonald and 

Kavanaugh, 1994). 

While regulatory hurdles to widespread implementation of bioremediation are 

beginning to diminish (Boopathy, 2000), scientific limitations remain. As with conventional 

approaches, soil physical heterogeneity can limit the efficacy of bioremediation effiarts. In 

addition, adequate levels of a terminal electron acceptor (usually oxygen) and nutrients must 
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be available. Furthermore, the amount of the contaminant present must be considered. 

Exceedingly high concentrations of a contaminant may be toxic to the potential degrading 

population, while low contaminant concentrations may fail to support growth of the 

degrading microbial population (Alexander, 1999; Boopathy, 2000; National Research 

CouncU, 1993, 1994). 

The National Research Council has recommended that research should address the 

conditions that lead to the enhancement and optimization of biodegradative processes. 

Specifically, the NRG stated that research should be aimed to clarify chemical conditions 

required to optimize biodegradation (National Research Council, 1994). As described above, 

the ubiquity of metals in contaminated sites may limit biodegradation of pollutants at a large 

proportion of U. S. hazardous waste sites. The conditions necessary to optimize 

biodegradation at these sites have not been extensively explored. In fact, the precise 

mechanisms of toxicity of many metals, such as cadmium, to microorganisms remain 

enigmatic (Nies, 1999). In addition, the relationship between metal bioavailability (i.e., how 

much of the total metal content is actually available to microorganisms to exert its toxic 

effects) and toxicity is unclear. Many studies have reported that metal toxicity increases with 

metal concentration (Babich and Stotzlcy, 1985; Birch and Brandl, 1996; Gillere/a/., 1998; 

Hughes and Poole, 1989; Jackson and Pardue, 1998; Jin and Bhattacharya, 1996; Kong, 

1998;KouzeIikatsiri£/a/., 1988; Kuo and Genthner, 1996;Malalaile/a/., 1998; Roberts e/ 

a/., 1998; Rogers and Li, 1985). However, data from some studies (Roane and Pepper, 

1997; Said and Lewis, 1991; Sandrin and Maier, 1999) suggest that high concentrations of 
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metal may somehow be less toxic to organic-degrading microorganisms than low to 

intermediate concentrations. Obviously, the relationship between metal bioavailability and 

metal toxicity is poorly understood and needs to be elucidated in order to design strategies 

to mitigate metal-inhibition of organic pollutant biodegradation at cocontaminated sites. 

Modes of Heavy Metal Toxicitv 

An understanding of modes of heavy metal toxicity is essential in designing strategies 

to reduce metal toxicity at metal and organic cocontaminated sites. Mechanisms of metal 

toxicity to microorganisms have been studied extensively. Several comprehensive reviews 

are available (Ji and Silver, 1995;Nies, 1992; Nies, 1999; Rosen, 1996; Rouche/o/., 1995a; 

Silver, 1996; Silver and Phung, 1996). Despite this sizable body of work, the precise 

mechanisms of the toxicity of many metals remain unclear. As Nies (Nies, 1999) stated in 

his recent review of microbial metal toxicity and resistance, " We are just beginning to 

understand the metabolism of heavy metals." 

Heavy Metal Chemistry 

Heavy metals are those metals with densities greater than S g/cm^ . Incompletely 

filled d-orbitals allow them to form complex compounds with organic ligands such as the 

proteins (Nies, 1999), nucleic acids and cell wall materials of microorganisms (Toth and 

Tomasovicova, 1989). This binding is beneficial in the case of some metals such as copper, 

and zinc. These metals serve as enzyme cofactors in complex biochemical processes; 
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however, at high concentrations these same essential metals can form unspecific complexes 

with organic ligands. This leads to toxicity. In addition, some metals such as mercury, 

cadmium, and silver form such strong complexes with organic ligands that they cannot be 

used in any biochemical process. (Nies and Silver, 1995). 

Different metals bind to different functiorud groups of biological molecules with 

varying afBnities. Metals can be classified as either hard or soft. Hard metals (e.g., sodium, 

potassium, magnesium, calcium, manganese and iron) are small cations that are not readily 

polarizable, while soft metals {e.g., copper, lead, cadmium, mercury, and silver) are larger 

cations that are very polarizable due to their large number of electrons (Hughes and Poole, 

1991). Hard metals prefer to bind to ligands containing oxygen such as carboxylic acid, 

sulfate, and phosphate fiinctional groups. In contrast, soft metals preferentially bind to 

ligands containing sulfur such as the sulfhydryl groups found in proteins. 

Heavy Metal Uptake 

Of course, for a metal to bind to an essential protein, nucleic acid or membrane 

component, the metal must first be taken up by the cell. Differentiating between toxic and 

non-toxic metals is a complex cellular process. The structures of many metals, toxic and 

non-toxic, are remarkably similar. For instance, manganese, iron, cobalt, nickel, copper and 

zinc have ionic diameters which vary by less than 14% (fi-om 138-160 pm) (CRC, 1991). In 

addition, each of these cations is divalent. Serving as further disguise, some metals can 

coordinate with oxygen in such a way as to resemble common, iimocuous biological 
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molecules. For instance, the semi-metal arsenate (AsO*^) resembles phosphate (P04^), while 

chromate (CrO^^') is often indistinguishable from sulfate (SOt^*) by a cell. 

Evolution has endowed microorganisms with very e£fective mechanisms to 

distinguish between toxic and non-toxic metals. Two general types of uptake mechanisms 

have been described: 1) very selective, substrate-specific uptake systems that are slow and 

require considerable energy (ATP), and 2) substrate-unspecific, fast systems that transport 

metals using a chemiosmotic gradient rather than ATP (Nies and Silver, 1995). Fast, 

unspecific uptake systems are constituitively expressed, while slower, specific, energy-

consuming uptake systems are inducible (Nies and Silver, 1995). 

An example of a fast, unspecific uptake system is the magnesium uptake system CorA 

found in Gram negative bacteria, archaea and baker's yeast. This system is responsible for 

the uptake of a variety of cations in addition to magnesium including nickel, cobalt, zinc, and 

manganese. Two common fast transport systems that heavy metals often exploit to enter 

cells are Pit (phosphate inorganic transport) and the sulfate transport system. Arsenate is 

able to enter via Pit, while chromate can infiltrate the cell via the sulfate transport system 

(Nies, 1999). Slow, specific heavy metal uptake systems include the P-type ATPases that 

transport zinc, manganese, cadmium, magnesium, calcium, potassium, copper, lead and silver 

(Fagan and Saier, 1994). 

Interaction of Heavy Metals with Cellular Components 

Even highly evolved, substrate-specific uptake mechanisms may not prevent entry of 
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a toxic metal into a cell. Once taken up, a metal cation is free to interact with various 

cellular components including cell membranes, proteins and nucleic acids. Interactions of 

heavy metals with these cellular components have been linked to toxicity (Toth and 

Tomasovicova, 1989). Baath (1989) reported that copper and zinc disrupt the cell 

membrane. Furthermore, an early step in metal uptake may be binding of the metal to the 

cell surface. The outer membrane of Gram negative bacteria efifectively complexes metals 

including sodium, calcium, magnesium, strontium, nickel, manganese, lead, and iron. In 

addition, the thin layer of peptidoglycan of Gram negative bacteria can bind metals, albeit not 

nearly as effectively as the peptidoglycan of Gram positive bacteria which contains teichoic 

acid, a very strong chelant (Beveridge and Doyle, 1989). 

The ability of cell surfaces to complex metals lies in the net negative charge at normal 

growth pH of all cell surfaces, whether that surface be peptidoglycan, outer membrane, or 

capsule. In Gram negative bacteria, the net negative charge of the cell surface results from 

phosphate and carboxyl groups of lipopolysaccharide molecules (Goldberg et al., 1983; 

Korenevsky and Beveridge, 2000; Volesky, 1990), while the negative charge in Gram 

positive bacteria results from teichoic acid. A more negative cell surface charge may more 

efifectively attract and bind toxic metal cations thus rendering the cell more susceptible to the 

toxic effects of the metal (Rai et al., 1996). 

Interactions of metals with cellular proteins are more commonly implicated in causing 

toxicity than interactions of metals with membranes. Toxic metals readily bind to sulfhydryl 

groups (-SHj) of proteins. As mentioned above, soft cations such as cadmium and lead 
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preferentially bind sulfur containing ligands over oxygen-containing ones. Such binding 

disrupts the structure and ultimately the function of the metal-bound protein. Interestingly, 

the dissociation constants of soft metals complexed to sulfhydryl groups correlate well with 

the minimum inhibitory concentration (MIC) of the same metals. This illustrates the 

importance of the ability of a metal to bind to proteins in determining its toxicity (Nies, 

1999). 

Substitution for Essential Metabolites 

If both hard and soft cations are present, soft cations will replace hard cations on 

ligands. This can lead to substitution of an essential metabolite by a toxic metal. The 

resemblance of some deleterious heavy metals to essential metals not only allows them to 

enter the cell but also to exert their toxic effects via substitution. For example, chromate is 

often mistakenly used as sulfate, arsenate is mistaken for phosphate, cadmium is used as an 

enzyme cofactor instead of zinc or calcium, nickel and cobalt replace iron, and zinc is 

mistaken for magnesium. All of these mistaken identities result in the construction of an 

unstable, inhibited, or nonfunctional enzyme or other biological molecule (Nies, 1999; Nies 

and Silver, 1995). 

Heavy Metal Induced Oxidative Stress 

The toxicity of heavy metals to Gram negative bacteria was recently found to be due, 

in part, to oxidative stress (Kachur et ai, 1998). Metal cations may bind two glutathione 
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molecules, forming a bis-glutathione molecule that reacts with diatomic oxygen to yield 

oxidized bis-glutathione, the metal cation, and hydrogen peroxide. The oxidized bis-

glutathione must be reduced using NADPH. However, the metal cation released in the 

process is once again free to re-initiate this process and continue imposing considerable 

oxidative stress on the cell (Nies, 1999). 

Modes of Bacterial Metal Resistance 

Bacteria are not without defenses against toxic metals which might otherwise prohibit 

them from degrading an organic pollutant. In fact, the early evolution of life in metal-rich 

waters bestowed metal resistance upon members ofall three domains (Rensinge/a/., 1999). 

In general, metal resistance mechanisms are either plasmid or chromosomally encoded. 

Chromosomal mechanisms are typically used for maintaining appropriate concentrations of 

a metal within a cell (i.e., homeostasis), while plasmid encoded mechanisms are often 

exclusively involved in metal resistance. Three of the most common forms of metal 

resistance include; 1) reduction of the metal to a less toxic species, 2) transport of the metal 

out of the cell, and 3) complexation of the metal (Nies, 1999). 

Reduction 

Reduction of ionic mercury to its elemental, less toxic form has been studied 

extensively (Chang et ai, 1998; Datwyler et ai, 2000; Kulkami and Summers, 1999a; 

Kulkami and Sununers, 1999b; Mason et ai, 1995; Rugh et al., 1996; Summers, 1986). 
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Mercury enters the ceil via MerP and MerT. The well studied homodimer MerA (mercuric 

reductase) catalyzes the reduction of divalent mercury to elemental mercury. This reduced 

form of the metal is less toxic than divalent mercury and rapidly leaves the cell via passive 

diffiision. In the case of organomercurials such as methyl mercury, an organomercurial lyase 

can provide resistance (Nies, 1999). Extensive characterization of bacterial mercury 

resistance has allowed incorporation of the resistance into plants (Rugh et al, 1996) that 

express MerA. These transgenic plants are resistant to mercuiy and are able to volatilize it. 

This advance offers promise for the phytoremediation of mercury contaminated soils. 

The efficacy of mercury reduction might lead one to believe that the genes encoding 

this resistance mechanism are quite ubiquitous among metal resistant bacteria. However, for 

a metal to be detoxified by reduction, the redox potential of the metal must be between -421 

m V and +808 m V. Fortunately, this is an appropriate physiological redox potential for most 

aerobic microorganisms. However, only mercury (+430 mV), chromate (+929 mV), arsenate 

(+139 mV), and copper (-268 mV) have redox potentials amenable to detoxification via 

reduction. Several other toxic metals cannot be reduced and include cadmium (-824 mV), 

cobalt (-701 mV), zinc (-1,180 mV), and nickel (-678 mV). Furthermore, if an organism 

uses reduction to detoxify a metal, the reduced form of the metal should be less toxic and 

readily difi^se out of the cell. In fact, the reduction of chromium (VI) to chromium (m) 

produces a less soluble product. The reduction of arsenate to arsenile produces a species 

more toxic than the initial reactant. So, for these metals, an effective transport system must 

accompany the reduction system to remove the metal fi'om the cell. This is exemplified by 
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the ArsB protein of many arsenic resistance bacteria which forms a membrane channel 

through which reduced arsenite may leave the cell via a chemiosmotic gradient. Efflux of the 

reduced metal may be assisted by an additional ATP hydrolyzing protein, ArsA. The &ct 

that mercury is so commonly detoxified via reduction is due to the fact that mercury 

represents a special case among metals in which reduction is coupled to an increase in 

solubility and a reduction in toxicity (Nies, 1999). 

Complexation 

If reduction of a metal is not a viable method for a bacterium to resist the toxic 

efifects of a particular metal, either of two general strategies may be employed; complexation 

or transport. Complexation is an energetically costly process. Many bacteria complex metals 

such as cadmium by complexing them with sulfate to form an insoluble metal sulfide (e.g. 

cadmium sulfide). To form cadmium sulfide fi-om ionic cadmium and sulfate, approximately 

16 ATP are required to complex a single cadmium ion. Furthermore, complexation is only 

an efficient mechanism of metal resistance when the total metal concentration is low. Only 

with low metal concentrations might all of the metal be complexed and the toxic effects of 

the metal avoided. With higher metal concentrations, complexation will likely fail to complex 

all of the metal and toxicity will result (Nies, 1999). 

Cyanobacteria employ novel molecules to reduce metal via complexation. Encoded 

by the smt locus for metallothionein production (Olafson et al., 1979), these cysteine-rich, 

low molecular weight molecules quickly and tightly bind metals, reducing their toxicity. 
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Once complexed, the metals can be sequestered internally or transported out of the cell 

(Roane et al., 1996). The importance of metallothioneins in metal resistance has been 

demonstrated in that amplification of the smt locus increased metal (cadmium) resistance. 

Deletion of the locus increased cadmium sensitivity (Gupta, 1993; Turner 1993). 

Efflux 

Efflux is a far more economical mechanism of metal resistance than complexation. 

While complexation requires 16 ATP to complex a cadmium ion, efflux requires only one. 

Complexation is only more energetically economical when metal concentrations are very low 

as discussed above. Interestingly, metallothionein biosynthesis is under the regulatory 

control of the smtB repressor that also regulates a zinc transporting P-type ATPase. 

Bacterial cadmium resistance often operates via efflux. In Gram negative bacteria, 

RND (Resistance, Modulation and Division) transenvelope transport systems may confer 

cadmium resistance. These transporters pump cadmium ions fi-om the cytosol and across 

both inner and outer membranes using the proton motive force. Examples of these systems 

are the CZC pump which transports cadmium, zinc, and cobalt and the NCC system which 

transports mainly nickel. Gram positive bacteria often use P-type ATPases such as CadA 

commonly found in Staphylococcus aureus to remove cadmium fi'om the cytosol (Nies, 

1999). Such transporters are termed "P-type" to denote the phosphorylation of a critical 

aspartate residue during the reaction in which a metal ion is extruded firom the cell. All zinc. 
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copper and lead transporters show similarity to CadA. In fact, P-type ATPases are 

ubiquitous as they are found not only in both Gram negative and positive bacteria, but 

eukaryotes as well. In contrast to RND transenvelope systems, P-type ATPases transport 

metals across only inner membrane and are driven by ATP hydrolysis (Nies, 1999; Rensing 

et ai, 1999). 

Impact of Heavy Metals on the Biodegradation of Organic Pollutants 

Introduction 

Forty percent of the hazardous waste sites on the U. S. Environmental Protection 

Agency's National Priority List (NPL) are cocontaminated with both metal and organic 

pollutants. Metals most frequently found at Superfijnd sites include arsenic, barium, 

cadmium, chromium, lead, mercury, nickel and zinc. Combinations of these metals 

frequently occur at individual sites. Common organic cocontaminants include petroleum, 

chlorinated'solvents, pesticides and herbicides. Conventional approaches to removing the 

organic component(s) of the contamination at these sites, such as pump and treat, are costly 

and often ineffective (1994). Bioremediation may be a viable alternative to costly 

conventional technologies, but metal toxicity at cocontaminated sites may limit its utility. 

Many studies report that metals inhibit general microbial activity {e.g. carbon mineralization, 

methanogenesis, acidogenesis, etc.), but relatively few have specifically investigated the 

impact of metals on organic pollutant biodegradation. The objective of this review therefore 
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is to provide a summary and synthesis of those investigations with respect to: 1) the role 

metal bioavailability plays in determining the extent to which metals inhibit both aerobic and 

anaerobic pollutant biodegradation, 2) relationships between metal concentration and 

inhibition of pollutant biodegradation, and 3) approaches to increasing organic 

biodegradation in cocontaminated systems. 

The impact of metals on many general microbial activities including litter 

decomposition, methanogenesis, and acidogenesis, nitrogen transformation, biomass 

generation, and enzymatic (e.g., dehydrogenase) activity (Babich and Stotzky, 198S) has 

been studied extensively (Baath, 1989; Bardgett and Saggar, 1994; Burkhardt et ai, 1993; 

Caponee/a/., 1983; Doelman and Haanstra, 1979a; Doelman and Haanstra, 1979b; Hickey 

etal., 1989; Knight el a/., 1997; Kouzelikatsiri e/a/., 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 (m and VI), nickel, mercury and 

lead, have been reported to inhibit each of these processes. Interestingly, however, the 

reported impact of some metals on specific processes differ markedly. For example, Baath 

(Baath, 1989) noted that both inhibitory and stimulatory effects of cadmium on pine needle 

decomposition have been reported. Equally perplexing, the addition of some metals 

including mercury, lead, nickel, cadmium, and copper stimulated methanogenesis in anoxic 

salt sediments (Caponee/a/., 1983)and low concentrations ofnickel (<300 mg/1) stimulated 

acidogenesis (Lin, 1993). 

The fact that metals inhibit a variety of microbial activities suggests that the same 



34 

metals have the potential to inhibit biodegradation of organics in cocontaminated 

environments. However, because some metals do not inhibit and some even stimulate certain 

processes, the effects of metals on organic pollutant biodegradation are uncertain. This 

uncertainty and the ubiquity of cocontaminated environments have served as rationales for 

many of the studies summarized below. 

Impact of Metal Bioavailabilitv on Inhibition of Organic Pollutant Biodegradation 

Bioavailability governs metal toxicity. For this reason, the bioavailability of a metal 

determines the extent to which that metal inhibits organic biodegradation. After a metal is 

added to a given medium or environment, the metal may exist in a variety of forms (i.e., 

species) that vary in their bioavailability and ultimately their toxicity. Only one of these many 

species, perhaps comprising only a small percentage of the total metal content, may actually 

exert the observed toxic effect. The formation of these species and their relative abundance 

is determined largely by the composition and pH of the environment. For example, 

significant quantities of added metal are rendered not bioavailable in media adjusted to 

alkaline pH and containing components such as yeast extract and phosphate buffer. This 

point is summarized well by Hughes and Poole (Hughes and Poole, 1991) in an excellent 

review of the impact of metal speciation and bioavailability on general microbial metal 

toxicity in which they advise, "In any study of the biological effects of.. .toxic metals it is 

imperative that fiill account be taken of the speciation or chemical form(s) of the metal ion 

in the growth medium, in the organisms' environment, and in experimental media . . 
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Role of Metal Bioavailability in Variance of Reported Inhibitory Metal Concentrations 

Few of the studies summarized below appear to have heeded Hughes' and Poole's 

(Hughes and Poole, 1991) advice. This is evident from only a cursory survey of the lowest 

reported concentrations of metals which inhibit biodegradation (Table I). An enormous 

range of metal concentrations have been reported to inhibit organic biodegradation for 

individual metals (Table 2). For instance, six orders of magnitude separate reported 

inhibitory concentrations of zinc. Of course, not all studies made efforts to find a minimal 

inhibitory concentration (MIC) or similar measure so such comparisons should be made with 

caution. Nevertheless, the tremendous differences between such reported concentrations are 

quite likely due to differences in metal bioavailability. 

The importance of bioavailability is most clearly seen by comparing results within a 

single study or within multiple studies measuring similar parameters using comparable 

methods. Said and Lewis (Said and Lewis, 1991) reported that biodegradation of a common 

herbicide, 2,4-dichlorophenoxy acetic acid methyl ester (2,4-DME), was reduced more by 

metals in aufwuchs (floating algal mats) than in sediments. As the authors note, this may 

have been due to the fact that sediments removed more metal from the bioavailable pool of 

metal than aufwuchs. It is possible, therefore, that the degrading populations found in these 

two distinct environments would be equally sensitive to metal stress in the absence of their 

metal-binding environments (sediment or aufwuch). Likewise, Pardue(Parduee/a/., 1996) 

found that only 0.01 mg/L cadmium was required to inhibit trichloroaniline dechlorination 

in mineral dominated soil while 0.2 mg/L cadmium was required for inhibition in an organic 
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matter dominated soil. Higher concentrations of cadmium were likely required in the latter 

soil because the organic matter complexed with cadmium, thereby reducing its bioavailability 

and toxicity. Cadmium only became bioavailable and toxic after metal binding sites on the 

organic matter became saturated with cadmium cations (Pardue et aL, 1996). 

Differences in metal bioavailability often explain variation in reports of metal 

concentrations required to inhibit organic biodegradation. Shortly after Said and Lewis's 

work (Said and Lewis, 1991), Springael et al. (1993) investigated the MICs of seven metals 

to three genera of pollutant degrading bacteria. The MICs differed considerably from those 

provided by Said and Lewis (Said and Lewis, 1991) by at least an order of magnitude (Table 

lA). While differences in metal tolerances between the microorganisms used in the two 

studies may explain this difference, varying metal bioavailability should also be considered. 

Springael et al. (Springael et al, 1993) determined MICs on agar plates, while Said and 

Lewis (1991) determined MICs in liquid culture. Agar may have reduced the bioavailability 

of the metals. Moreover, to determine the MICs of mercury to the investigated bacteria, 

Springael et al. (Springael et al., 1993) used a nutrient-rich Luria-Bertani medium. Many 

of the components of rich media, such as yeast extract, have been shown to complex metals 

and thereby reduce their bioavailability and toxicity (Hughes and Poole, 1991). Such a 

reduction in bioavailability, at least in part, accounts for the five orders of magnitude 

separating the minimum inhibitory concentrations of mercury reported by these two studies 

(Table lA). 

Necessity of Measuring Bioavailable Metal Concentrations 

It is far more appropriate to report bioavailable rather than total metal concentrations 
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for two reasons: 1) it is the bioavailable metal which causes toxicity (Angle and Chaney, 

1989) and thus inhibits pollutant biodegradation, and 2) the relationship between bioavailable 

and total metal varies with experimental conditions, such that reporting only the total metal 

concentration reveals little to nothing about the bioavailable concentration. Bioavailable 

metal concentrations can be readily measured experimentally using tools such as ion selective 

electrodes or atomic absorption (AA) spectroscopy following aqueous extraction. 

Alternatively, geochemical modeling software (e.g., MINEQL+ and MINTEQA2) can be 

used to predict bioavailable metal concentrations in a variety of media. Promising tools in 

development to accurately quantify bioavailable metal concentrations include the use of the 

lux reporter system (Corbisier et al, 1999; Rouch et al., 199Sb) and inununoassays 

(Khosraviani et al., 1998). Reporting of bioavailable metal concentrations would be a vital 

step in the process of standardizing assays to determine the impact of metals on organic 

pollutant biodegradation. The importance of considering bioavailable metal concentrations 

as well as speciation data has been illustrated in both the laboratory (Pardue etcd., 1996) and 

the field (Jackson and Pardue, 1998). Clearly such data will be required for future 

assessments of the potential of metal(s) to inhibit organic biodegradation in cocontaminated 

enviroiunents. 

Tools are being developed to make such assessments, but often fail to incorporate 

necessary measures of bioavailable metal. For instance, Nakamura and Sawada (2000) 

developed a mathematical model to predict the impact of metals on phenol biodegradation 

as described above but did not incorporate measurements of bioavailability. Ultimately, a 

model such as this may be applied to optimizing the degradation of organics in the presence 
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of toxic metals; however, future models must incorporate additional aspects of the 

cocontaminated system, especially speciation of the metals under conditions of varying 

medium composition and pH, to more accurately predict the impact of metal toxicity on 

degradation. For example, the medium in which these studies were conducted was adjusted 

to a pH of 7.8 and contained a phosphate bufifer. Under these conditions, little of the added 

metal probably remained bioavailable as the relatively basic pH and the presence of 

phosphate likely fostered precipitation of most of the added metal. Because of this, the 

model will likely underpredict metal toxicity in systems that have a lower pH and lack 

phosphate. At least one other model has been based on the results of batch studies 

conducted in phosphate-containing media which might lead to similar underestimations of 

metal toxicity (Pm and Bhattacharya, 1996). 

Metal Inhibition of Biodegradation 

Available data on the effect of metals on organic pollutant biodegradation is not 

extensive but demonstrates that metals have the potential to inhibit pollutant biodegradation 

under modes of both aerobic and anaerobic metabolism. 

Metal Inhibition of Aerobic Biodegradation 

The results of several studies show that metals inhibit the aerobic biodegradation of 

a variety of organic pollutants (Table 1 A). Said and Lewis (Said and Lewis, 1991)werefirst 

to investigate the impact of heavy metals on the aerobic biodegradation of an organic 

pollutant. The effects of copper, cadmium, mercury, zinc and chromium (ID) on the aerobic 
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biodegradation of 2,4-DME in sediments and aufVvuchs (floating algal mats) were examined. 

As mentioned above, the MICs of the tested metals in sediment and aufwuchs differed. In 

sediments, the MIC of zinc (0.1 ^M) was lowest, while in aufwuchs the MIC of mercury 

(0.012 ^M) was lowest. Overall, 2,4-DME biodegradation was more sensitive to metals in 

aufwuchs than in sediments. For example, biodegradation in aufVvuchs was three times more 

sensitive to copper-induced reductions in k| (pseudo-first order rate coefiBdent) than in 

sediment. 

Springael et al. (Springael et aL, 1993) later reported metal concentrations that 

inhibited three genera of pollutant-degrading bacteria. These concentrations were higher 

than those reported by Said and Lewis (Said and Lewis, 1991) (see Table lA). This is 

probably a result of the authors determining inhibition on media which contained ingredients, 

such as agar and yeast extract, which may have reduced bioavailable metal concentrations. 

Studies investigating the impact of metal toxicity on biodegradation are not limited 

to aromatic pollutants such as 2,4-DME. The impact of copper toxicity on biodegradation 

of a biodegradable polymer, polyhydroxybutyrate (PHB), was recently investigated (Birch 

and Brandl, 1996). This compound is commonly used for medical, agricultural, and 

industrial purposes. In agriculture, the material is used both as a film mulch and as a long-

term delivery device for fertilizers. In both uses, the material is expected to biodegrade after 

it has served its purpose. However, heavy metals which may have been added to an 

agricultural field fi-om the addition of metal-laden sewage sludge may inhibit this 

biodegradation. 

To determine the impact of copper toxicity on PHB biodegradation, the authors of 
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this study placed PHB in an agar medium overlaying a medium containing copper. The 

copper containing layer of medium was slanted so that copper dififused into the upper layer 

of medium and created a concentration gradient along the length of the plate. The plates 

with this concentration gradient were inoculated linearly with a PHB-degrading strain of 

Acidovorax delqfieldii. The concentration of copper along the plate was determined by 

measuring copper concentrations in segments of filter paper that had contacted the plate. 

Using this novel method, the authors found that 8 to IS mg/1 of copper were required to 

inhibit PHB biodegradation. 

Similar to the results of Said and Lewis (Said and Lewis, 1991), cadmium has been 

shown to inhibit the biodegradation of the herbicide 2,4-dichlorophenoxy acetic acid (2,4>D) 

(Roane et ai, 1999; Roane and Pepper, 1997). In soil microcosms, 0.06 mg/g cadmium 

prohibited the biodegradation of 0.500 mg/g 2,4-D by Alcaligenes eutrophus JMP134. 

Similarly, 2,4-D biodegradation was reduced by the same concentration of cadmium in 

intermediate field scale bioreactors (Roane et ai, 1999). 

The impact of cadmium on naphthalene biodegradation by SiBurkhoIderia sp. isolated 

fi-om an uncontaminated soil was recently investigated (Sandrin et ai, in press). In pure 

culture batch studies, 1 mg/L (8.9 (iM) cadmium delayed naphthalene biodegradation 6 

hours. Cadmium concentrations of 5, 10, and SO mg/L completely inhibited naphthalene 

biodegradation. Similarly, Maslin and Maier (Maslin and Maier, 2000) recently found that 

1 and 2 mg/L bioavailable cadmium delayed the onset of phenanthrene mineralization by 

approximately 125 hours. Mineralization was performed by native microorganisms in two 

desert soils as opposed to the single isolate in a defined medium used by Sandrin (Sandrin 
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and Maier, 1999). Bioavailable cadmium concentrations as low as 3 mg/L completely 

inhibited phenanthrene mineralization over the 220 hour time course of the experiments. 

An attempt has been made to even more precisely quantify and predict the effects of 

metals on aerobic organic biodegradation. Nakamura and Sawada (Nakamura and Sawada, 

2000) recently examined the effects of copper and zinc on the biodegradation of phenol by 

Acinetobacter calcoacetictis and constructed a mathematical growth model using Monod 

growth kinetics to predict substrate loss and cell growth in the presence of metals. The 

model accurately predicted the impact of metals during both batch and continuous growth 

conditions. Zinc (10 mg/L) increased the time required for substrate disappearance by 

approximately one hour. A higher concentration of zinc (30 mg/L) increased the time 

required for substrate disappearance by 8 hours. The lower zinc concentration marginally 

reduced cell growth (both yield and growth rates were similar). In contrast, 20 mg/L zinc 

drastically reduced the rate of cell growth, but had no effect on cell yield. The effect of 

copper on phenol biodegradation was similar to that of zinc, but copper appeared more toxic. 

The addition of only 0.01 and 0.05 mg/L copper reduced the rate of cell growth as the metal 

concentration increased. Similar to the effect of zinc, copper delayed substrate 

disappearance by approximately one (0.01 mg/L zinc) to nine (0.05 mg/L zinc) hours. 

Metal Inhibition of Anaerobic Biodegradation 

Halogenated organics, such as trichloroethylene (TCE) and perchloroethylene 

(PCE), are common environmental contaminants (Reineke, 1989). Many of these ubiquitous 

pollutants are biodegradable via aerobic (cometabolic) and anaerobic pathways (Alexander 
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1999). For this reason, several recent studies have addressed the impact of metal toxicity on 

the anaerobic biodegradation of organic pollutants (Table IB). 

Jin and Bhattacharya (Jin and Bhattacharya, 1996) investigated the impact of zinc on 

pentachlorophenol (PCP) biodegradation by an anaerobic enrichment culture obtained from 

anaerobic digester sludge. Zinc reduced the degradation rate of PCP. The addition of 2 

mg/L zinc reduced PCP removal 12% over treatments not containing zinc. While the overall 

PCP biodegradation pathway appeared unaffected by the addition of zinc, concentrations of 

PCP biodegradation intermediates such as 2,4,6-trichlorophenol were lower in the presence 

of zinc. 

Pardue ei cd. (Pardue et al.̂  1996) subsequently examined the reductive 

dehalogenation of another chlorinated aromatic, trichloroaniline, in the presence of cadmium. 

In microcosms containing two mineral-dominated soils, only 0.01 mg/L cadmium (porewater 

concentration) was required to inhibit reductive dehalogenation. In microcosms containing 

an organic matter-dominated soil, more than an order of magnitude higher cadmium 

concentration (0.2 mg/L) was required to inhibit dehalogenation than in the mineral 

donunated soil. Furthermore, cadmium concentrations near the completely inhibitory 

concentrations altered the biodegradation pathway, suggesting that stress imposed by the 

added metal selected for a population which dehalogenated the organic by an alternative 

pathway. 

The impacts of 0.01 to 100 mg/L cadmium, copper (II), chromium (VI), and mercury 

(n) on dechlorination and biodegradation have also been investigated by Kuo and Genthner 

(Kuo and Genthner, 1996). Using an anaerobic bactenal consortium isolated from an aquatic 
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sediment capable of completely degrading 2-chlorophenoI (2CP), 3-chlorobenzoate (3CB), 

phenol and benzoate, dehalogenation, aromatic biodegradation and methanogenesis were 

affected differently by each of the metals. Biodegradation of 3CB was inhibited most by 

cadmium and chromium, while biodegradation of benzoate was most sensitive to copper. 

Phenol biodegradation was most reduced by mercury. In general, the addition of low levels 

of metals (0.1-2.0 mg/L) lengthened acclimation periods and decreased dechlorination and 

biodegradation rates. While acclimation periods were seen with both metal and no metal 

treatments, they were longer with toxic concentrations of metal. Metal concentrations from 

0.5-5 mg/L completely inhibited either dechlorination or biodegradation. Addition of copper 

(1.2 mg/L) caused phenol to accumulate in the 2-CP degrading consortium. The 

accumulated phenol was ultimately biodegraded. In addition, metals reduced methane 

production by 23-97%. 

In summarizing the toxic effects of the studied metals on anaerobic biodegradation, 

Kuo and Genthner (Kuo and Genthner, 1996) suggested that metals may not only adversely 

afifect degraders in a consortium, but also may affect members of the consortium which do 

not degrade but play vital indirect roles in the process. For instance, members of the 

consortium which produce reducing equivalents for reductive dehalogenation or remove 

dechlorinated products from the system to allow further dehalogenation may be deleteriously 

impacted, thus reducing overall rates and extents of biodegradation. In this manner, metals 

may indirectly impact organic pollutant biodegradation. 

Such an indirect mode of toxicity has also been implicated in metal-inhibited 

anaerobic biodegradation of trinitrotoluene (TNT) metabolites (Richards et al.^ 1998). 
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Copper, zinc, and lead did not affect loss of TNT from bioreactors. This was likely due to 

the &ct that the first step in TNT degradation occurred as quickly as anaerobic conditions 

were created; however, the subsequent removal of intermediates in the biodegradation 

process was reduced by each of the metals. For example, total concentrations oflead greater 

than 1 mg/g delayed degradation of a TNT biodegradation intermediate (2,4-diamino-6-

nitrotoluene) by as many as nine days. Zinc (1.5 mg/g) delayed degradation of the same 

intermediate by eight days. Copper (4 and 8 mg/g) completely inhibited removal of this 

intermediate. 

Interestingly, while inhibiting removal of intermediates, copper appeared not toxic 

to the aerobic microorganisms required to establish anaerobic conditions favorable for TNT 

biodegradation. No significant differences between viable counts of copper and no copper 

treatments at any time point were observed. In addition, no difference between total organic 

carbon (TOC) degradation rates were observed between metal and no metal treatments. 

Instead, copper probably inhibited intermediate removal in the following manner. 

Respiration was likely reduced as soluble (i.e. bioavailable) copper concentrations and 

associated toxicity increased once anaerobic conditions were established. After respiration 

slowed due to the increased copper toxicity, the redox potential increased in the bioreactor 

as oxygen was no longer rapidly being consumed via respiration. Removal of TNT 

metabolites, which occurs only under atuierobic conditions, ceased. Clearly, when 

considering the impact of metals on organic biodegradation, the effects of the metals on 

populations other than the degraders must also be considered. 

Efforts have been made to elucidate the mode of metal toxicity to pollutant degradii^ 
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anaerobic consortia (Kong, 1998). Kong (Kong, 1998) examined the effects of copper, 

cadmium, and chromium on the biotransformation of 2- and 3-chlorophenol in sediments. 

In this study, the effect of pre-exposing consortia to organic pollutants prior to adding metals 

was examined. With sediment not previously exposed to chlorophenols, 20 mg/L copper did 

not affect dechlorination, while 20 mg/L cadmium or chromium increased lag periods. The 

toxicity of the three metals for these unacclimated sediments was ranked as follows; 

cadmium > chromium copper. With sediment previously exposed to chlorophenols (i.e. 

acclimated), 20 mg/L of any of the tested metals inhibited dechlorination. In this case, the 

order of toxicity of the metals was reponed as; cadmium > copper > chromium. The author 

suggests the higher bioavailability of cadmium observed in this study increased its toxicity 

over that of the other metals; however, chemical differences between the metals that might 

better explain the differences in toxicity were not considered. 

The effect of zinc on the anaerobic biodegradation of nitrobenzene as well as PCP 

has also been investigated (Majumdar et al., 1999). Using serum bottle studies with an 

anaerobic acetate enrichment culture, toxicity was measured via methane production. Ten 

mg/L zinc inhibited biodegradation of nitrobenzene for approximately 26 days over the 

approximate 65 day time course of the experiment. Zinc (17.2 mg/1) reduced the rate ofPCP 

biodegradation, while 25.8 mg/L zinc suppressed PCP biodegradation for approximately 23 

days of the 30 day time course of the experiment. 

Each of the studies described above demonstrate that metals can inhibit 

biodegradation of organic pollutants under either aerobic or anaerobic conditions; however, 

all of these studies were conducted in artificial systems. Only a single study has atten^>ted 
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to investigate the impact of heavy metals on organic biodegradation at a field site. Jackson 

and Pardue (Jackson and Pardue, 1998) investigated the impact of cadmium and lead on the 

reductive dehalogenation of hexachlorobenzene (HCB). The effect of these metals on 

biodegradation was first investigated in microcosms containing contaminated sediment from 

the field site. Cadmium inhibited reductive dehalogenation, while lead only mar^nally 

inhibited the process. The inhibition of dehalogenation by cadmium correlated well with 

bioavailable concentrations of cadmium. In fact, cadmium toxicity was only observed in 

systems containing bioavailable cadmium. This emphasizes the importance ofbioavailability 

in determining toxicity as described earlier in this review. Both cadmium and lead inhibited 

methanogenesis, but not as extensively as reductive dehalogenation. 

In contrast to the results of microcosm studies, metals did not appear to inhibit 

hexachlorobenzene biodegradation in field samples. Interestingly, a measure of metal 

bioavailability, the acid volatile sulfide/simultaneously extractable metal (AVS/SEM) ratio, 

indicated that metals should be bioavailable at the site. However, no lead or cadmium was 

found in pore water suggesting that some other component of the sediments was binding the 

metals, thus reducing their bioavailability. 

Impact of Medium Composition and pH on Metal Inhibition of Organic Biodegradation 

As shown in the above example, the composition of the environmental medium is of 

paramount importance in accurately determining the impact of metals on organic 

biodegradation. Medium pH is also of utmost relevance. More toxic metal species 

(typically, the ionic species) occur at more acidic pH values. As pH increases, the 
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concentration of bioavailable metal decreases. In media containing phosphate (a common 

buffer used in microbiological media) a small change in pH can drastically reduce bioavailable 

metal concentrations (Figure 1-1). Bioavailable cadmium concentrations decrease at even 

lower pH with higher phosphate concentrations. Despite the importance ofpHin determining 

metal bioavailability and ultimately toxicity, pH varied from S.6 to 7.8 in the studies 

described above (Table I). In addition, many studies used media containing phosphate while 

others did not. This complicates the matter of making meaningful comparisons between 

studies with such variable experimental conditions. 

The composition and pH of media used in some of the studies described above 

reduced the bioavailable metal concentration far below the total metal concentration. Only 

1 % of the total zinc added to serum bottles in the work ofMajumdar et ai (Majumdar et eU., 

1999) was in soluble form. In the work of Kong (Kong, 1998), the soluble concentrations 

of all metals at 20 mg/L total concentration were below detection limits of0.03-0.04 mg/L. 

At 100 mg total metal/L, only 1 mg/L cadmium and less than 0.12 mg/L copper and 

chromium were found in the aqueous phase. Given that only aqueous phase metals can exert 

toxic effects, the bioavailable metal concentrations inhibiting organic biodegradation are far 

lower than the total metal concentration. Similarly, in the work of Roberts et ai (Roberts 

et al., 1998), a phosphate buffer was used in soil slurries. Both phosphate and soil 

components can reduce bioavailable metal concentrations. In &ct, similar to the work of 

Kong (Kong, 1998) described above, an undetectable concentration of lead (below 1 mg/L) 

was capable of inhibiting 2,4-diamino-6-nitrotoluene biodegradation. In addition, the toxic 

concentrations of zinc and copper reported by Nakamura and Sawada (Nakamura and 
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Sawada, 2000) are likely much higher than the bioavailable concentrations because the 

medium the investigators employed contained phosphate (0.147 mM) and was adjusted to 

a relatively basic pH (7.8). 

Relationships Between Metal Concentration and Inhibition of Organic Pollutant 

Biodegradation 

Metal inhibition of organic pollutant biodegradation is not straightforward. Most of 

the data presented above suggest a direct relationship (see Figure 1-2, line A) between the 

amount of toxic metal in a cocontaminated environment and the extent of metal inhibition 

of organic biodegradation. In fact, the relationship may not always be as direct as those data 

suggest. Even data presented earlier in this review on the effect of metals on the more 

general microbial activities of litter decomposition, methanogenesis, and acidogenesis 

suggest that inhibition may not always be in direct proportion to the amount of metal. 

Indirect Relationship Between Metal Concentration and Inhibition; Pattern 1 

As described above, Capone et al., (Capone et al., 1983) noted that methanogenesis 

was stimulated by the addition of some metals. The authors suggested that this may have 

been due to differential inhibition of the methane and non-methane producing 

microorganisms. Metals may have selected for a metal resistant, methanogenic population 
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which reduced competition from a metal sensitive, non-methanogenic population. 

Similarly, Kuo and Genther (Kuo and Genthner, 1996) reported that the addition of 

some metals at low levels stimulated biodegradation. Hexavalent chromium (0.01 mg/L) 

increased the biodegradation rate of phenol 177% and increased that of benzoate 169%. 

Copper and cadmium (both at 0.01 mg/L) increased the benzoate biodegradation rate by 

185% and 2-CP biodegradation rate by 168%. Furthermore, mercury at 1 -2 mg/L increased 

the biodegradation rates of 2-CP and 3-CB 133-154% over controls containing no metals. 

This increase followed a lengthened acclimation period that the authors suggest resulted from 

degraders adapting to the mercury stress as shown in another study (Barkay, 1987). Other 

studies report similar results (Hughes and Poole, 1989; Sterritt and Lester, 1980). In these 

consortia, the effect may be due to metals reducing competition for reducing equivalents or 

nutrients between metal-resistant degraders and metal-sensitive non-degraders. Here again, 

as in the work of Roberts et aL (Roberts et al., 1998) and Capone et al. (Capone et al., 

1983), the impact of metals on microbially mediated processes may be due mainly to the 

effects of metals on a population other than the one carrying out the process of interest. 

The relationship between metal concentration and inhibition of methanogenesis and 

biodegradation as described by Capone et al. (Capone et aL, 1983) and Kuo and Genthner 

(Kuo and Genthner, 1996) is clearly not a direct one. As the metal concentration increased 

to a relatively low level, the process of interest was stimulated. As the metal concentration 

increased further, the process became inhibited. This pattern of inhibition is depicted in 

Figure 1-2 as line B. 
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Indirect Relationship Between Metal Concentration and Inhibition; Pattern 2 

Data from other studies also suggest that the relationship between metal 

concentration and inhibition is not direct. However, the pattern of inhibition differs from that 

described above; it appears to be a near mirror image of that pattern. In these cases, 

inhibition increased with metal concentration up to a relatively low level of metal. Inhibition 

appeared to be reduced, however, as the metal concentration increased further figure 1- 2, 

line C). Said and Lewis's early work with metal inhibition of 2,4-DME biodegradation (Said 

and Lewis, 1991) contains data exhibiting this pattern of inhibition. Generally, their data 

indicated that 2,4-DME biodegradation decreased as the metal concentration increased (i.e., 

in a direct manner). In fact, the authors state, "a consistent relationship between kj 

[degradation rate coefficient] and metal ion concentration in which ki decreased with higher 

initial metal concentrations was observed." This may lead a reader to assume that metal 

inhibition of biodegradation consistently increased with metal concentration. Closer 

examination of Said and Lewis's data, though, reveals that this would be an inaccurate 

assumption. For example, the maximal degradation rate of 2,4-DME, V is significantly 

less in the presence of 10 nM cadmium (0.61 ± 0.03) than in the presence of 100 jiM 

cadmium (0.74 ± 0.00). In a later study, a similar pattern of inhibition was observed as 

populations of 2,4-D degraders in a cadmium contaminated soil were more resistant to 

cadmium toxicity at a higher concentration of cadmium (40 mg/L) than at a lower 

concentration of cadmium (20 mg/L) (Roane and Pepper, 1997). 

The relationship between metal concentration and inhibition described above and 

depicted as line C in Figure 1-2 might be explained by microbial community dynamics. 
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Along lines of reasoning suggested by Capone etcd. (Capone et a/., 1983), metals may have 

created selective pressure for metal-resistant organic-degrading microorganisms. This 

selective pressure may have reduced competition from metal-sensitive non-degrading 

microorganisms, thus increasing biodegradation at higher metal concentrations. 

Microbial community dynamics cannot explain the effect of metal toxicity on 

biodegradation of organics in all studies. A recent study (Sandrin and Maier, 1999) 

investigated the effect of cadmium toxicity on biodegradation of naphthalene by a 

Burkholderia sp. in pure culture. While concentrations of cadmium from 1 to 50 mg/L 

cadmium increasingly inhibited naphthalene biodegradation, the highest investigated 

concentration of cadmium, 100 mg/L, was less inhibitory to naphthalene biodegradation than 

a ten-fold lower concentration of cadmium (10 mg/L). Because these were pure culture 

studies, explanations relying on microbial community dynamics fail to explain this 

observation. Instead, rates of cadmium uptake have been reported to decrease at higher 

cadmium concentrations (Laddaga and Silver, 1985). For this reason it is possible that the 

high, relatively non-toxic concentration of metal may have more rapidly and effectively 

induced a metal resistance mechanism important in cadmium detoxification (e.g. an efflux 

pump) than the lower, more toxic concentration of cadmium. 

Approaches to Increasing Organic Pollutant Biodegradation in Cocontaminated 

Environments 

Organic pollutant degrading microorganisms are not without defenses against metal 

toxicity. These mechanisms of metal resistance have been reviewed thoroughly and 
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extensively elsewhere (Ji and Silver, 1995; Nies, 1992; Nies, 1999; Nies and Silver, 1995; 

Rosen, 1996; Silver, 1996; Silver and Phung, 1996). Despite the diversity and efficacy of 

these resistance mechanisms, metals often inhibit organic biodegradation. Few studies have 

attempted to exploit such resistance mechanisms to increase organic biodegradation in 

cocontaminated environments. Instead, most approaches to reducing metal toxicity have 

involved reducing metal uptake by lowering the bioavailability of the metal. Agents 

employed to reduce metal bioavailability have included treatment additives (e.g., calcium 

carbonate, phosphate), clay minerals, and surfactants. 

Metal Resistant Bacteria 

Only one study has investigated the use of metal resistant bacteria in enhancing 

organic contaminant biodegradation in cocontaminated environments (Roane etal., 1999). 

In soil microcosms cocontaminated with 2,4-D (0.5 mg/g) and cadmium (0.06 mg/g), 2,4>D 

biodegradation by cadmium sensitive Alcaligenes eutrophus JMP134 occurred only in the 

presence of cadmium resistant isolates including Pseudomonas sp.. Bacillus sp., and 

Arthrobacter sp. With the exception of the Arthrobacter sp., each isolate accumulated 

cadmium either extra- or intracellularly, thereby reducing cadmium bioavailability and 

toxicity toward itself and other metal sensitive bacteria. Bioaugmentation with one of the 

metal-resistantPffi/dbnfonos sp. has also proven effective at increasing 2,4-D biodegradation 

in the presence of cadmium on an intermediate field scale. Similar to their work with 

microcosms, Roane et al. (Roane et al., 1999) observed increased 2,4-D biodegradation in 

the presence of cadmium in bioreaaors bioaugmented with this cadmium resistant isolate. 
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Treatment Additives 

In many heavy metal contaminated sites, treatment additives such as calcium 

carbonate, phosphate, cement, and magnesium hydroxide are added to reduce metal mobility. 

These additives cause the metal to precipitate out of solution, thus reducing their leachability. 

A recent study examined the effect of calcium carbonate on the toxicity of lead to 

microorganisms isolated from a military rifle range soil contaminated with lead and other 

heavy metals (Jonioh et ai, 1999). Using the Microtox® assay (which uses a luminescence 

assay to determine microbial activity), calcium carbonate was found to reduce lead toxicity 

when added at 1,2.5, 5, and 10%. For instance, the effective concentration of contaminated 

soil required for a 50% reduction in loss of luminescence (EC50) increased from only 

14.17% without calcium carbonate to 74.87% with the addition of 10% calcium carbonate. 

The additive decreased lead leachability and raised the soil pH. Because metal bioavailability 

typically decreases as pH increases, the additive likely reduced lead toxicity by reducing lead 

bioavailability. 

Clay Minerals 

Metal bioavailability and resulting toxicity has been reduced using clay minerals 

(Babich and Stotzky, 1977a; Babich and Stotzky, 1977b; Babich and Stotzky, 1978; Kamel, 

1986). By adding kaolinite (1 to 20%) or montmorillomte (1 to 5%) to an agar medium 

containing cadmium, Babich and Stotzky (Babich and Stotzky, 1977b) reduced the toxicity 
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of cadmium to a number of fiingi including Aspergillus niger and Trichoderma vin'de, to 

bacteria such as Bacillus megateriutn, Aff'obacterium tumefaciens, and to an actinomycete, 

Nocardia corallina. Similarly, in solution studies Kamel (Kamel, 1986) reported that 3% 

bentonite and venniculite reduced the toxicity of 150 mg/L cadmium to Streptomyces 

bottropensis. Kaolinite also reduced cadmium toxicity, but more was required (6% vs. 3%) 

and less protection was a£forded than with the other clays. Increasing protection was 

observed as the clay concentration increased. The protective abilities of the clays correlated 

well with their cation exchange capacities (CEC). The most effective clay, venniculite, had 

a CEC of 108.7 meq/g soil, while the least effective clay, kaolinite, had a CEC of only 4.8 

meq/g soil. 

Babich and Stotzky (Babich and Stotzky, 1977b) reported that montmorillonite was 

more effective than kaolinite at reducing cadmium toxicity. For instance, Schizophylluw sp. 

grew in the presence of 1000 mg/L cadmium with 3 to S % montmorillonite, but not in the 

presence of up to 20% kaolinite. As in the work of Kamel (Kamel, 1986), the cation 

exchange capacity (CEC) of the clays was related to the relative abilities of the clays to 

reduce cadmium toxicity. Thus, montmorillonite more effectively reduced cadmium 

bioavailability than kaolinite. Interestingly, montmorillonite containing cadmium on its 

exchange sites proved considerably more toxic than kaolinite containing cadmium on its 

exchange sites as montmorillonite likely released more cadmium into solution than kaolinite. 

The impact of clay addition on metal toxicity is less pronounced in soil than in the 

plate studies described above. Babich and Stotzky (Babich and Stotzky, 1977b) found that 

3 to 12% montmorillonite reduced cadmium toxicity to various fungi in soil. However, 
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kaolinite failed to reduce toxicity. As with the resuhs of their plate studies (Babich and 

Stotzky, 1977b), the CEC of each of the clays appeared to explain the ^ilure of kaolinite to 

reduce toxicity. Unlike montmorillonite, kaolinite did not significantly increase the CEC of 

the soil. For this reason, the bioavailability of cadmium was probably not significantly 

reduced and toxicity was unaffected. 

Chelating Agents 

In addition to treatment additives and clays, chelating agents have been employed to 

reduce metal toxicity to organic-degrading microorganisms. Ethylenediamine-tetraacetic 

acid (EDTA) has been shown to reduce the toxicity of cadmium to Chlorella sp. (Upitis et 

ai, 1973), of nickel to algae (Spencer and Nichols, 1983) and an actinomycete (Babich et 

ai, 1983), and of copper to bacteria and algae (Sunda and Guillard, 1976). However, the 

toxicity of EDTA to many microorganisms may limit its application to the bioremediation of 

cocontaminated environments (Borgmann and Norwood, 1995; Braide, 1984; Ibim et ai, 

1992; Ogundele, 1999). For this reason, the use of other chelating agents to reduce metal 

toxicity is of interest. 

Malakul et ai (Malakul et al., 1998) have shown that a commercially available 

chelating resin (Chelex 100) and surfactant-modified clays reduce cadmium toxicity during 

biodegradation of naphthalene. Clays were modified by adsorbing a cationic surfactant to 

the clay surface to which various metal-chelating ligands [e.g. palmitic acid) were attached 

via hydrophobic interactions. Naphthalene biodegradation occurred at hi^er cadmium 

concentrations in the presence of both Chelex 100 and the modified clays than in controls 
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containing either no clay or unmodified clay. The abilities of the resin and the clays to reduce 

cadmium toxicity were quantitatively related to the metal adsorption characteristics of the 

two chelating agents. While modified clay was nearly as effective as the commercially 

available chelating resin at reducing cadmium toxicity, the use of such modified clay particles 

to increase organic biodegradation at metal contaminated sites may be limited in soils 

containing little to no clay. In addition, the ease with which clays may be modified in situ 

is unclear. 

Biologically produced surfactants (i.e. biosurfactants) show promise for enhancing 

organic biodegradation in metal and organic cocontaminated environments. Sandrin et al. 

(Sandrin et al., in press) have shown that a monorhamnolipid biosur&ctant produced by 

Pseudomonas aeruginosa ATCC 9027 reduces cadmium toxicity during naphthalene 

biodegradation by a Burkholderia sp. in solution studies. The mechanism by which the 

biosurfactant reduced cadmium toxicity appeared to involve rhamnolipid complexation of 

cadmium. In addition, the ability of rhamnolipid to induce lipopolysaccharide release fi'om 

the outer membrane of the degrader (Al-Tahhan et al., 2000; Goldberg et al., 1983; Leive, 

1965) appeared important in reducing toxicity. 

Maslin and Maier (Maslin and Maier, 2000) used the same biosurfactant to reduce 

cadmium toxicity during biodegradation of phenanthrene by native degraders in soil studies. 

In the presence of 10 mg/L bioavailable cadmium, approximately 10% of the phetumthrene 

added was mineralized. In contrast, addition of 1 mM and three subsequent 5 mM pulses of 

rhamnolipid allowed approximately 58% mineralization. Single applications were not as 

effective at reducing cadmium toxicity. Biodegradation of rhamnolipid was demonstrated 
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and implicated in the reduced efficacy of single applications. The possibility that 

biosurfactants are produced in situ may make this approach more practical and cost-

effective than other strategies relying on treatment additives, clay addition and/or 

modification, or bioaugmentation. 

Possible Approaches; pH and divalent cations 

Myriad environmental factors mediate the toxicity of metals to microorganisms as 

shown by the highly variable metal concentrations reported to inhibit organic biodegradation 

(Table 1). Such factors include pH (Babich and Stotzky, 1977c; Korkeala and Pekkanen, 

1978), the presence of inorganic cations (Babich and Stotzky, 1979) and anions (Forsberg, 

1978), and temperature (Babich and Stotzky, 1982a). Adjustment of each factors often 

alleviates metal toxicity. Curiously, manipulation of any of these factors as a means to 

increase organic biodegradation in the presence of metals has gone largely unexplored. 

pH 

Metal toxicity has been widely reported to be mediated by pH. Both increases and 

decreases in metal toxicity have been associated with increasing pH (Babich et aL, 1985). 

Increasing pH reduced the toxicity of nickel to bacteria, an actinomycete, a yeast, and a 

filamentous fungus (Babich and Stotzky, 1982b; Babich and Stotzky, 1982b; Babich and 

Stotzky, 1983a; Babich and Stotzky, 1983c). In contrast and more commonly reported, 

increasing pH increases the toxicity of metals. For example, increasing pH increased the 

toxicity of zinc to filamentous fiingi and of cadmium to bacteria (Babich and Stotzky, 1977c; 
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Babich and Stotzl^, 1983a; Babich and Stotzlcy, 1983c; Korkeala and Pekkanen, 1978), of 

copper and uranium to CMorella sp. (Franklin et al., 2000), and of zinc to alga (Hargreaves 

and Whitton, 1976). 

The mechanism by which pH mediates metal toxicity has not been established but 

may involve; 1) the preference of a microorganism for a particular growth pH in the absence 

of a toxic metal (/. e., the microorganism is acidophilic or alkaliphilic), 2) a reduction in heavy 

metal adsorption and uptake by microorganisms and/or 3) the speciatipn of the metal in 

question (Babich and Stotzky, 1985). Reduced uptake of metals by microorganisms at 

reduced pH has been shown. An increase in the pH of the growth medium from 3 to 7 

increased the amount of cadmium taken up by both living and heat killed CMorella regukais 

(Sakaguchi a/., 1979). Copper and uranium accumulation and uptake by Chlorettasp. 

were also reduced by lowering pH from 6.5 to 5.7 (Franklin et ah, 2000). Similarly, Rudd 

et al. (Rudd et al., 1983) demonstrated reduced uptake of cadmium, cobalt, copper, 

manganese, and nickel by encapsulated Klebsiella pneumonia as pH was decreased from 6.8 

to 4.5. While the mechanism of reduced uptake has not been fiilly elucidated. Franklin a/. 

(Franklin et al., 2000) postulated that the increased hydrogen ion concentration produced 

by lowering pH increases competition between hydrogen and metal ions for binding sites on 

the cell surface. 

As discussed above, the effect of pH on metal speciation is of paramount importance 

when investigating metal toxicity. pH-dependent metal speciation, however, is rarely 

considered. Lowering pH tends to increase the concentration of the toxic, ionic species of 

the metal. In studies in which toxicity decreases with increasing pH, the concentration of 
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free, ionic species may decrease to such a level as to reduce toxicity. Speciadon less readily 

explains the results of studies in which toxicity decreases as pH decreases because the 

concentration of the free, ionic form of the metal increases as pH decreases (Hughes and 

Poole, 1991). 

In addition to the free, ionic species, monovalent hydroxylated metal species have 

been implicated in pH mediated metal toxicity (Babich and Stotzky, 1977c; Collins and 

Stotzky, 1992; Ivanov et al., 1997). As pH is adjusted from acidic to alkaline, metals 

speciate as follows (Hahne and Kroontje, 1973); 

-> MOir -> M(OH)2 -> M(0H)3 - -> M(OH)« 

Babich and Stotzky (Babich and Stotzky, 1977c) reported that cadmium toxicity increased 

to Agrobacterium tumefaciens, Alcaligenes faecalis, and Bacillus cereus in batch studies at 

pH 8 - 9. The authors propose that the formation of Cd(OH)* and Cd(OH)2 at this alkaline 

pH may explain the increased toxicity. Later, Collins and Stotzky (Collins and Stotzky, 

1992) reported charge reversal of surfaces of Agrobacterium radiobacter. Bacillus 

megaterium and B. subtilis at pH 8 and above in the presence of 0.1 mM cadmium. The 

authors implicate this charge reversal in the increased metal toxicity associated with alkaline 

pH. Additionally, monovalent hydroxylated cadmium, Cd(OH)^, is proposed to cause this 

reversal of surface charge. Similarly, Ivanov et al. (Ivanov et al., 1997) report a transition 

from divalent to monovalent hydroxylated forms of metal with increasing pH and a 

concomitant increase in toxicity to Mycobacterium phlei. Interestingly, none of these 

studies which implicated monovalent hydroxylated forms of metals in pH mediated metal 

toxicity attempted to measure or mathematically model the actual concentration of such 
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species. 

Attempts to increase organic biodegradation in the presence of toxic concentrations 

of heavy metals by altering physicochemical environmental parameters have not been made. 

The data described above suggests that even relatively small changes in pH (e.g. from 6.S to 

5.7 as in the data of Franklin et al., (Franklin et aL, 2000)) can reduce metal toxicity. One 

of the most commonly used methods in remediating metal-contaminated soils involves 

washing 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). Given this 

approach, it seems feasible to reduce slightly the pH of a metal and organic cocontaminated 

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. 

Divalent Cations 

Divalent cations, such as zinc, have been reported to mitigate metal toxicity. Higham 

et al. (Higham etal., 198S) showed that the addition of 60 ^M zinc to solutions containing 

3 mM cadmium reduced cadmium toxicity to Pseudomonas 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, 19S0), to filamentous fungi (Babich and Stotzky, 1981; 

Babich and Stotzky, 1982a; Babich and Stotzky, 1983b; Babich and Stotzky, 1983c) and to 

a filamentous alga (Say and Whitton, 1977). Calcium has been reported to reduce cadmium 



61 

toxicity to an alga (Gipps and Coller, 1982) and to reduce zinc toxicity to a cyanobacterium 

(Shehata and Whitton, 1982) and algae (Harding and Whitton, 1977; Rai etal., 1981). The 

protective effect of divalent cations such as zinc against metal toxicity is not limited to 

microorganisms. Zinc has been implicated in protection from cadmium-induced formation 

of tumors (Gunn et ai, 1963), formation of sarcomas (Gtmn et al, 1964) and lesion 

development 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 understood with regard to the mechanism of 

protection. However, cadmium uptake has been found to be very dependent on zinc 

concentration. In studies investigating uptake of , zinc was found to be a competitive 

inhibitor of cadmium uptake and exhibited a K{ of 4.6 ^M (Laddaga and Silver, 198S). A 

more detailed understanding of the mode of protection by divalent cations might lead to the 

development of strategies to bioremediate cocontaminated 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. 

Summarv 

Hazardous waste sites are commonly cocontaminated with organic and metal 

pollutants. Bioremediation of these environments may be limited by metal toxicity. Similar 

to their inhibition of general microbial processes such as Utter decomposition, 

methanogenesis, and acidogenesis, metals have been shown to inhibit both aerobic and 

anaerobic biodegradation of organic pollutants. Metal bioavailability, determined largely by 
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medium composition and pH, governs the extent of inhibition and may account for some of 

the enormous variability among reports of inhibitory concentrations of metals. For this 

reason, fliture assessments of metal inhibition of organic biodegradation should measure 

bioavailable, rather than total, metal concentrations. Reports of total metal concentrations 

are meaningless for comparative or modeling purposes. The extent to which metals inhibit 

organic biodegradation is not always directly related to metal concentration. In some cases, 

metals may affect organic biodegradation by impacting a non-degrading population. 

Additional research on the impact of metals on pollutant biodegradation at the field scale is 

needed. Recent approaches to increasing organic biodegradation in the presence of metals 

have attempted to do so by reducing metal bioavailability and include the use of metal 

resistant bacteria, treatment additives, and clay minerals. The addition of divalent cations 

and/or adjustment of pH are additional strategies currently under investigation. 

Dissertation Format 

Three manuscripts found in the appendix and a review article as represented above 

in the section entitled "Impact ofHeavy Metals on the Biodegradation of Organic Pollutants" 

comprise this dissertation. The review article is in preparation for submission as a mini-

review to Environmental Microbiology. For the first manuscript (Appendix A), Andrea M. 

Chech provided preliminary data. I repeated each of those preliminary experiments and 

designed, conducted and analyzed the results of numerous experiments to elucidate the 

mechanism by which the biosurfactant reduced cadmium toxicity. In addition to my advisor. 

Dr. Raina Maier, Drs. Ian L. Pepper and Christopher Rensing provided editorial comments 
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and suggestions on this manuscript. While my advisor provided invaluable insight and 

counsel, the ideas for the remaining two manuscripts (Appendices B and C) were my own. 

The design, execution, and analysis of experiments to investigate each these ideas were my 

original work. In addition, I am a co-author of a published manuscript (Al-Tahhan, R., T. 

R. Sandrin, A. A. Bodour, and R. M.Maier. 2000. Rhamnolipid-Induced Removal of 

Lipopoiysaccharide fcom Pseudomonas aeruginosa: Effect on Cell Surface Properties and 

Interaction with Hydrophobic Substrates. Appl. Environ. Microbiol. 66(8); 3262-3268). For 

this work, I designed, conducted, and interpreted the results of several experiments to 

quantify lipopoiysaccharide release using a colorimetric assay and SDS-PAGE. In addition, 

I provided editorial assistance in preparing the manuscript for publication. 
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Table 1-1: Lowest reported concentrations of various metab whicii iniiibit (A) 
aerobic organic biodegradation and (B) anaerobic organic biodegradation. 

A. 
Reference Metal Organic* Lfwest DeeradeKs) Environment BSI Organic* 

renorted conc. 
reducins 
biodeeradation 

BSI 

(Said and 
Lewis, 
1991) 

Cu 2,4-DME 0.076 mg/L indigenous 
community 

sediment 
(microcosm) 

6.1 

Zn 2,4-DME 0.006 mg/L indigenous 
community 

sediment 
(miCFOCosm) 

6.4 

Cd 2,4-DME 0.100 mg/L indigenous 
community 

sediment 
(microcosm) 

6.5 

Cu 2.4-DME 0.027 mg/L indigenous 
community 

aufwuchs** 
(microcosm) 

5.0 

Zn 2,4-DME 0.041 mg/L indigenous 
community 

aufwuchs  ̂
(microcosm) 

5.6 

Hg 2,4-DME 0.002 mg/L indigenous 
community 

auiwuchs*' 
(microcosm) 

6.8 

Cr+3 2,4-DME 0.177 mg/L indigenous 
community 

aufwuchs" 
(microcosm) 

6.1 

Cd 2,4-DME 0.629 mg/L indigenous 
community 

aufvvuchs" 
(microcosm) 

5.6 

(Springael -
el al., 
1993) 

Co 4CP, 
3CB, 
2,4D, 
XYL, 
IPB. 
NAPH, 
BP 

<13.3 - 1,330 
mg/L* 

Alcaligenes 
SPP> 
Pseudomonas 
Spp. Moraxella 
sp. 

Tris buffeted 
minimal medium 
plates 

NR 

C1O4' 4CP. 
3CB, 
2,4D, 
XYL, 
IPB, 
NAPH, 
BP 

<131 mg/L* Alcaligenes 
spp. 
Pseudomonas 
spp. Moraxella 
sp. 

Tris buffered 
minimal medium 
plates 

NR 



Ni 4CP, 
3CB. 
2.4D. 
XYL. 
IPB. 
NAPH, 
BP 

5.18-10.3 
mg/L* 

Alcaligenes 
spp.. 
Pseudomonas 
spp. Moraxella 
sp-

Tiis buffered 
minimal medium 
plates 

NR 

Cd 4CP, 
3CB, 
2.4D, 
XYL, 
IPB, 
NAPH, 
BP 

<25.3 - 50.6 
mg/L* 

AlcaUgenes 
spp., 
Pseudomonas 
spp. Mdraxella 
sp 

Tris buffered 
minimal medium 
plates 

NR 

Hg 4CP, 
3CB, 
2,4D, 
XYL, 
IPB, 
NAPH, 
BP 

< 45.2 - 226 
mg/L' 

Alcaligenes 
spp. 
Pseudomonas 
spp. Moraxella 
sp 

Tris buffeted 
minimal medium 
plates 

NR 

Zn 4CP, 
3CB, 
2,4D, 
XYL, 
IPB, 
NAPH, 
BP 

< 29.5 - 736 
mg/L' 

Alcaligenes 
spp.. 
Pseudomonas 
spp., 
Moraxella sp. 

Tris buffered 
minimal medium 
plates 

NR 

-

Cu 4CP, 
3CB, 
2,4D, 
XYL, 
IPB, 
NAPH, 
BP 

< 14.3 -71.6 
mg/L' 

Alcaligenes 
spp. 
Pseudomonas 
spp. Moraxella 
sp. 

Tris buffered 
minimal medium 
plates 

NR 

(Birch and 
Brandl, 
1996) 

Cu PHB 8 mg/L Acidovorax 
delafieldii 

agar plates 
containing 4.70 
mM phosphate 

6.9 

(Roane et 
al., 1999) 

Cd 2,4D >3 mg/L Alcaligenes 
eutrophus 
JMP134 

mineral salts 
medium 

6.0 
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Cd 2,4D 24 mg/L Alcatigenes 
eutrophus 
JMP134 

mineral salts 
medium 
containing 
cadmium resistant 
isolate 

6.0 

Cd 2,4D 0.060 mg/g Alcatigenes 
eutrophus 
JMP134 

soil microcosms 8.2 

Cd 2,4D 0.060 mg/g Alcatigenes 
eutrophus 
JMP134 

fidd-scale 
bioreactors 

8.2 

(Sandrln et 
al., in 
press) 

Cd NAPH 1 mg/L Burkhotderia 
sp 

dilute mineral 
salts medium 
containing 1.4 
mM phosphate 

6.5 

(MasUn 
and Maier, 
2000) 

Cd PHEN 1 mg/L indigenous 
conununiQr 

soil microcosm 7.6 

(Nakamur 
a and 
Sawada, 
2000) 

Zn phenol 10 mg/L Acinetobacter 
catcoaceticus 
AH strain 

bioreactor medium 
containing 0.147 
mM phosphate 

7.8 

Cu phenol 0.01 mg/L Acinetobacter 
catcoaceticus 
AH strain 

bioreactor medium 
containing 0.147 
mM phosphate 

7.8 

'abbreviations used: 2,4-DME = 2,4-dichlorophenoxy acetic acid methyl ester, PHB = poly (3-
hydroxybutyrate); CP = chlorophenol; CB = chlorobenzoate; 2,4D = 2,4-dichlorophenoxy acetic acid; 
XYL = xylene; IPB = isopropylbenzene; NAPH = naphthalene; BP = biphenyl; PHEN = phenanthrene 

' MR = not reported 

* values represent MIC calculated by multiplying M^mum Tolerated Concentration (MTC) by a factor 
of 2.25. MIC = MTC*2.25. 

floating algal mats 
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B. 

1 Source Metal Organic' Lowfst Decraderfi) Environment BSI Organic' 
renorted conc. 

radation 

BSI 

(Jin and 
Bhattachar 
ya, 1996) 

Zn PCP 2 mg/L indigenous 
community 

anaerobic digester 
sludge in a liquid 
medium containing 
0.611 mM 
phosphate 

NR 

(Pardue et 
al., 1996) 

Cd TCA 0.01 mg/L 
(porewater 
conc.) 

indigenous 
community 

laboratory soil 
microcosms 
containing rice 
paddy and 
bottomland 
hardwood soils 

6.9 
-7.4 

(Pardue et 
al., 1996) 

Cd TCA 0.2 mg/L indigenous 
community 

laboratory soil 
microcosms 
containing organic 
matter dominated 
soil 

6.9 

7.4 

(Kuo and 
Genthner, 
19%) 

Cu 2CP.PH, 
BEN, 3CB 

0.1-1.0 mg/L indigenous 
community 

aqueous sediment 
enrichment in 
anaerobic growth 
medium 

7.0 

Cd 2CP,PH, 
BEN. 3CB 

0.5-1.0 mg/L indigenous 
community 

aqueous sediment 
enrichment in 
anaerobic growth 
medium 

7.0 

Hg 2CP. PH, 
BEN, 3CB 

0.1-1.0 mg/L indigenous 
community 

aqueous sediment 
enrichment in 
anaerobic growth 
medium 

7.0 

Cr+6 2CP,PH, 
BEN,3CB 

0.01-0.5 mg/L indigenous 
community 

aqueous sediment 
enrichment in 
anaerobic growth 
medium 

7.0 

(Roberts e/ 
al., 1998) 

Zn 2,4-DANT 1.5 mg/g soil indigenous 
community 

soil slurry 
containing 50 mM 
phosphate buffer 

6.5 
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Pb 2.4-
DANT. 
RDX 

>1 mg/g soil indigenous 
community 

soil sluny 
containing SO mM 
phosphate buffer 

6.5 

Cu 2,4  ̂ANT 
.RDX 

4 mg/g soil indigenous 
community 

soil sluny 
containing 50 mM 
phosphate buffer 

6.5 

Cu 4-ADNT 8 mg/g soil indigenous 
community 

soil slurry 
containing SO mM 
phosphate buffer 

6.5 

(Kong, 
1998) 

Cd 2CP, 3CP 20 mg/L indigenous 
community 

sediment sluny not 
previously exposed 
to organic 

7.0 

Cr+6 2CP, 3CP 20 mg/L indigenous 
community 

sediment sluny not 
previously exposed 
to organic 

7.0 

Cd 2CP, 3CP 20 mg/L indigenous 
community 

sediment previously 
exposed to organic 

7.0 

Cu 2CP, 3CP 20 mg/L indigenous 
community 

sediment previously 
exposed to organic 

7.0 

Cr+6 2CP, 3CP 20 mg/L indigenous 
community 

sediment previously 
exposed to organic 

7.0 

(Majiundar 
et al., 
1999) 

Zn NB 10 mg/L indigenous 
community 

anaerobic 
enrichment cultures 
in serum bottles 

NR 

. 

Zn PCP 8.6 mg/L indigenous 
community 

anaerobic 
enrichment cultures 
in serum bottles 

NR 

(Jackson 
and 
Pardue, 
1998) 

Cd HCB 0.001 mg/g indigenous 
community 

microcosms 
containing 
contaminated 
sediment 

NR 

Pb HCB 0.001 mg/g indigenous 
community 

microcosms 
containing 
contaminated 
sediment 

NR 

'abbreviations used: PCP = pentachlorophenol; TCA = trichloroaniline; PH = phenol; BEN = benzoate; 
2,4>DANT = 2,4-dianiino-6-nitrotoiuene; RDX = hexahydn>-l,3,S>trinitro-l,3,S-triaziiie; 4-ADNT = 4-
amino-2,6-dinitrotoluene; NB = nitrobenzene; HCB = h^chlorobenzene. 
^NR = not reported 
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Table 1-2: Range of reported lowest metal concentrations which inhibit organic 
biodegradation. 

Metal Lowest (reference) Highest (reference) Order of magnitude 
difference 

Cu 0.027 mg/L (Said and 
Lewis, 1991) 

8 mg/g (Roberts et cd.. 
1998) 

5 

Zn 0.006 mg/L (Said and 
Lewis, 1991) 

l.S mg/g (Nakamura and 
Sawada, 2000) 

6 

Cd O.Ol mg/L (Pardue etal. 
1996) 

0.06 mg/g (Roane et aL, 
1999) 

3 

Hg 0.002 mg/L (Said and 
Lewis, 1991) 

20.1 mg/L (Kong 1998) 4 

Cr^ 0.01 mg/L (Kuo and 
Genthner, 1996) 

20 mg/L (Kong 1998) 3 

Pb 0.001 mg/g (Jackson and 
Pardue, 1998) 

> 1 mg/g (Roberts et al. 
1998) 

3 



Figure 1-1: Effect of pH and phosphate concentration on bioavailable (Cd^O cadmium 
concentration in a common, dilute mineral salts medium as predicted by MINEQL-i-
geochemical modeling software. 
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Figure 1-2: Effect of metal concentration on pattern of inhibition of organic pollutant 
biodegradation assuming: (A) a direct relationship (B) indirect relationship (Pattern 1) 
(C) indirect relationship (Pattern 2). 

t 
c 
o 

Xi 

o 
JS 
3 
E 

CO 

\ 
\ 

Metal Concentration 



72 

CHAFFER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

Metal and Organic Cocontaminated Environments 

Forty percent of the hazardous waste sites on the U. S. Environmental Protection 

Agency's National Priority List (NPL) are polluted with both metal and organic 

contaminants. The most common approaches to removing the organic component of the 

pollution from these environments rely on physical methods, such as pump and treat, 

which are very costly and often inefifective. Bioremediation is a promising, lower cost 

alternative; however, toxicity of metals to organic-degrading microorganisms limits 

applications of bioremediation to cocontaminated sites. 

Generally, metal inhibition of organic pollutant biodegradation has been reported 

to increase as the metal concentration increased. Recent studies, however, have shovtm 

that higher concentrations of metals are less toxic than lower concentrations in some 

cases. In addition, various physicochemical environmental parameters (e.g., pH and the 

presence of other cations) have been found to dramatically impact the extent to which a 

given metal concentration reduces organic biodegradation. A lucid understanding of the 



73 

relationship between bioavailable metal concentration and inhibition of organic 

degradation is clearly lacking, but may prove vital to designing strategies to enhance 

organic biodegradation in cocontaminated systems. 

For this reason, we constructed a model system to elucidate the impact of the 

bioavailable metal concentration on organic pollutant biodegradation in metal and organic 

cocontaminated systems. Cadmium was used as the model metal because of its 

demonstrated toxicity and ubiquity at hazardous waste sites, while naphthalene was 

chosen as the model organic because of its demonstrated biodegradability. The overall 

objective of this research was to determine the effect of bioavailable metal concentration 

on organic pollutant biodegradation in order to design strategies to mitigate metal 

inhibition of such biodegradation. The spcciflc objectives of this research were to use 

the model system to; I) determine whether a metal-complexing biosurfactant could 

increase naphthalene biodegradation in the presence of cadmium, 2) explore whether pH 

adjustments would allow enhanced organic biodegradation in the presence of cadmium 

and examine the mechanism by which pH reduces metal toxicity, and 3) investigate the 

impact of seven divalent cations (calcium, cobalt, copper, iron, magnesium, manganese, 

and zinc) on naphthalene biodegradation in the presence of cadmium. 

Objective 1 

A monorhamolipid biosurfactant (Figure 2-1) has been previously shown to both 

increase the biodegradation of slightly soluble organics {e.g., naphthalene) and complex 
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Figure 2-1: Monorhamnolipid biosurfactant produced by Pseudomonas aeruginosa 
ATCC 9027 and employed in Objective 1. 
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metals (e.g., cadmium). For these reasons, we hypothesized that addition of rhamnolipid 

to a cadmium and naphthalene cocontaminated system would increase naphthalene 

biodegradation. Such an increase might occur as a result of: 1) rhamnolipid reducing 

bioavailable cadmium concentrations via complexation and/or 2) rhamnolipid increasing 

growth of the degrader by increasing the bioavailability of naphthalene. 

Rhamnolipid increased naphthalene biodegradation in the presence of a toxic 

concentration of cadmium. The efifect was greatest with a 10-fold greater concentration 

of rhamnolipid than cadmium, but was also observed to a lesser extent at a rhamnolipid 

concentration equimolar to the cadmium concentration. Neither increased substrate 

bioavailability nor cadmium complexation fully accounted for the observed increase in 

biodegradation, contrary to our original hypotheses. Instead, we found that rhamnolipid 

altered the cell surface of the degrader in a manner which may have rendered the cell less 

susceptible to the toxic effects of cadmium. Specifically, rhamnolipid induced removal of 

lipopolysaccharide (LPS) from the outer membrane. Removal of this highly negatively 

charged component of the outer membrane likely reduced the magnitude of the negativity 

of the cell surface and thus the attraction of the cell surface for toxic divalent cations such 

as cadmium. In addition, released LPS may have complexed cadmium to reduce its 

bioavailability and toxicity. 

Objective 2 

The sensitivity of microorganisms to metals has been shown to be pH dependent. 



The mechanism by which pH mediates metal toxicity has not been elucidated but may 

involve: 1) the speciation of the metal to a more or less toxic form and/or 2) a change in 

heavy metal accumulation by microorganisms. Adjustment of pH as a means to increase 

orgamc pollutant biodegradation in the presence of toxic metals has not been explored, 

despite the profound impact of pH on metal toxicity. 

Naphthalene biodegradation in the presence of cadmium increased as pH was 

lowered from 7 to 4. Previous studies have implicated the formation of monovalent 

hydroxylated cadmium (CdOIT) in the mechanism by which pH mediates toxicity; 

however, none of these studies provided substantial quantitative data to support this 

implication. Because we used a model system, we were able to measure and model 

cadmium speciation to shed light on the mechanism of pH-mediated metal toxicity. 

Monovalent hydroxylated cadmium formed in the model system but only to a minor 

extent. In fact, the concentration of this species was more than four orders of magnitude 

lower than that of divalent cadmium. Because metal toxicity generally decreases with 

valence and only minuscule concentrations of CdOIT were formed, the role of this 

species in pH-mediated metal toxicity may be much less than once thought. Instead, 

reduced pH may reduce metal toxicity by increasing competition between hydrogen and 

metal ions for binding sites on the cell surface. In support of this, more cadmium was 

found associated with cells incubated in medium adjusted to pH 6 than pH 4. 
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Objective 3 

The relationship between metal concentration and inhibition of organic pollutant 

biodegradation is not straightforward. While most studies report that inhibition increases 

as metal concentration increases, others report that low concentrations can be more toxic 

than elevated concentrations. In fact, the degrader used in the model system described 

here was more inhibited by 10 and 37.S mg cadmium/L than 100 mg cadmium/L. For this 

reason, we investigated the use of divalent cations to increase the overall metal 

concentration to a high, but relatively nontoxic concentration. 

Most metals failed to increase naphthalene biodegradation in the presence of 

cadmium. In &ct, some even increased toxicity. Only elevated levels of cadmium and 

zinc increased naphthalene biodegradation in systems containing initially low, but toxic 

concentrations of cadmium. The mechanism by which these cations increased 

naphthalene biodegradation remains unclear. Substantial quantities of zinc (^65 mg/L) 

were required to increase biodegradation. The impact of high concentrations of zinc and 

cadmium on medium pH and cadmium accumulation were investigated because these 

metals are acidic and have the potential to reduce medium pH, metal accumulation and 

metal toxicity. Neither high concentrations of cadmium or zinc reduced cadmium 

accumulation. In addition, cadmium bioavailability was unaffected by the addition of zinc 

or additional cadmium. Instead, metal uptake and transport may have been affected. A 

recent report has shown that elevated concentrations of zinc induce the transcription of 

an efflux pump important in zinc resistance. In this manner, elevated concentrations of 
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zinc and cadmium may have been less inhibitory than lower concentrations of cadmium 

because they induced the transcription of a gene(s) encoding an efflux pump important in 

metal resistance. 

Summary 

Three approaches to increase naphthalene biodegradation in the presence of toxic 

concentrations of cadmium were investigated. Each increased naphthalene 

biodegradation. Exploration into the mechanisms by which these increases occurred 

provided insight into the relationship between bioavailable metal concentration and the 

extent of inhibition of organic biodegradation. The results of Objective 1 demonstrated 

that a metal-complexing biosur^tant increased naphthalene biodegradation by means in 

addition to complexation. Previous work with the use of chelating agents to reduce metal 

toxicity have attempted to explain the protective efiects of those agents solely on the 

basis of their ability to complex metals and thus reduce their bioavailability. The data 

presented here suggest that the impact of metal chelating agents on the cell surface is 

significant and plays a vital role in the ability of those agents to reduce metal toxicity. In 

Objective 2, a reduction in medium pH increased naphthalene biodegradation in the 

presence of cadmium. The mechanism by which pH adjustment reduced toxicity did not 

appear to involve formation of monovalent hydroxylated cadmium as previously thought. 

Instead, greater competition between hydrogen and cadmium ions for binding sites on the 

cell surface may better account for the impact of pH on metal toxicity. In Objective 3, a 



higher bioavailable cadmium concentration was found to be less toxic than a lower 

concentration. The addition of zinc to systems containing low, but toxic concentrations 

of cadmium increased naphthalene biodegradation. It is possible that high concentrations 

of metal are less toxic than lower concentrations because they more rapidly induce the 

transcription of a gene(s) important in metal resistance. 
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APPENDK A 

A RHAMNOLIPID BIOSURFACTANT REDUCES CADMIUM TOXICITY 
DURING NAPHTHALENE BIODEGRADATION' 

Todd R. Sandrin, Andrea M. Chech, and Raina M. Maier 

^In press in Applied and Environmental Microbiology (2000) 

Department of Soil, Water, and Environmental Science 

429 Shantz Bldg. #38 

The University of Arizona 

Tucson, Arizona 85721 

Running title: Rhamnolipid reduces cadmium toxicity 
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ABSTRACT 

A model cocontaminated system was developed to determine whether a metal-

compiexing biosurfactant, rhamnolipid, could reduce metal toxicity to allow enhanced 

organic biodegradation by a Burkholderia sp. isolated from soil. Rhamnolipid eliminated 

cadmium toxicity when added at a 10-fold greater concentration than cadmium (890 ^M), 

reduced toxicity when added at an equimolar concentration (89 fiM), and had no effect at 

a 10-foId smaller concentration (8.9 ^M). The mechanism by which rhamnolipid reduces 

metal toxicity may involve a combination of rhanuiolipid complexation of cadmium and 

rhamnolipid interaction with the cell surface to alter cadmium uptake. 
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Forty percent of hazardous waste sites on the United States Environmental 

Protection Agency's National Priority List (NPL) are cocontaminated with organic and metal 

pollutants. Previous studies have shown that biodegradation of organic contaminants is often 

severely inhibited by toxic metals such as cadmium (19, 20). Increasing interest in 

bioremediation warrants development of strategies that can be successfully implemented in 

cocontaminated sites, yet few efforts have been made to develop such strategies. Effective 

strategies to enhance organic biodegradation in the presence of toxic metals include: 1) 

reducing the bioavailable concentration of the toxic metal and 2) reducing interactions of the 

toxic metal with the cell. 

Attempts to reduce bioavailable metal concentrations in cocontaminated soils have 

included amendment with kaolinite and montmorillonite clays (2,3,12) observed reductions 

in metal toxicity were often minimal and required large amounts of clay (12). Recently, 

modified clay complexes (metal-chelating Hgands bound to clay particles via a cationic 

surfactant) and a chelating resin (Chelex) were found to reduce cadmium toxicity during 

biodegradation of naphthalene by Pseudomonas putida ppo200 (NAH) (IS). Reductions in 

toxicity were assumed to be related to the metal-complexing characteristics of both the 

modified clay and the resin despite the fact that metal chelators, such as 

ethylenediaminetetraacetate (EDTA), can alter cell surface properties through the release of 

lipopolysaccharide (LPS) (S-7; 13). Because LPS confers a considerable negative charge 

upon the cell surface (11) which favors electrostatic interactions with cations, removal of 

LPS may reduce the magnitude of the negativity of the cell surface charge, thus reducing 
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interactions with cations such as cadmium. The mechanism by which metal chelating agents 

reduce toxicity clearly warrants further exploration. 

We have previously studied a rhamnolipid biosurfactant produced by various 

Pseudomonas aeruginosa strains capable of, selectively complexing cationic metal species 

such as cadmium (Cd^^), lead (Pb^O> &nd zinc (Zn^^) (8, 18, 21, 22), increasing the 

bioavailability of substrates with limited aqueous solubilities (9, 24-27), and increasing cell 

surface hydrophobicity (1,26). Delivery of a biosurfactant into cocontaminated sites for in 

situ treatment may be more environmentally compatible and more economical than using 

modified clay complexes or metal chelators such as EDTA. For these reasons, the objective 

of this research was to develop a model system to determine the effect of rhamnolipid on the 

capability of a metal-sensitive microorganism to degrade an organic contaminant. 

Naphthalene was chosen as the model organic because of its ubiquity at hazardous waste 

sites and its demonstrated biodegradability (17). Cadmium, the second most common metal 

found at Superfund sites (4), was chosen as the model metal. The biosurfactant used in this 

study was a monorhanmolipid produced by P. aeruginosa 9027 prepared as previously 

described (24, 25). A naphthalene-degrading bacterium was obtained from an 

uncontaminated loamy sand (Hayhook soil) by serial enrichment in SO mL mineral salts 

medium (MSM) containing IS mg naphthalene, monobasic potassium phosphate (1 g/L), 

dibasic sodium phosphate (1 g/L), anmionium nitrate (0.5 g/L), ammonium sulfate (0.5 g/L), 

magnesium sulfate (0.2 g/L), calcium chloride (0.02 g/L), iron chloride (0.002 g/L), and 

manganese sulfate (0.002 g/L). Enrichment flasks were maintained at 23° C on a rotary 



84 

shaker at 200 rpm. Metabolic (BIOLOG, tetrazolium redox technology, Hayward, CA) and 

16S ribosomal DNA sequence analyses (23) were used to identify the naphthalene-degrader 

as z.Burkholderia sp. (accession no. U37342). TYicBurJchoIderia sp. was maintained on the 

same media. 

Cadmium complezation. Experiments were performed to determine the effect of 

rhamnolipid concentration on cadmium complexation. Rhamnolipid was added at 0,8.9,89, 

and 890 to polypropylene beakers containing 89 ̂ M cadmium in 10% MSM and stirred 

at ISO rpm for IS minutes. MSM was used at only 10% of the normal concentration to 

minimize interactions between the rhamnolipid and salts in the medium. Free cadmiimi 

concentrations were determined using an ion-selective cadmium electrode (Orion Research, 

Model 94-48, Cambridge, MA). The ion-selective electrode measures oidy free, 

uncomplexed cadmium. An ionic strength adjuster (ISA), S MNaNO, typically used in this 

type of analysis, was not employed in these experiments. In preliminary studies, it was found 

that the addition of ISA to solutions containing rhamnolipid produced inaccurate 

measurements of the amount of complexed cadmium. It is probable that the large quantities 

of added sodium cations were exchanging cadmium cations from cation binding sites on the 

rhamnolipid molecules. Omission of ISA in these studies was appropriate because: 1) the 

ionic strength of all treatments was nearly identical, and 2) the electrode functioned properly 

and accurately without ISA as demonstrated by the characteristic calibration slope obtained 

(Orion Research, Inc., Technical Services, personal conununication). Of the three 

rhamnolipid concentrations tested, the 890 ^M rhamnolipid treatment reduced the free 
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cadmium concentration to 11.2 ± 1.4J.1M, while lower concentrations ofrhamnolipid failed 

to reduce the free cadmium concentration. 

Growth on naphthalene in the presence of cadmium. Initial experiments were 

performed to determine the concentration of cadmium most toxic to the Burkholderia sp. 

In these experiments, a cadmium nitrate (0, 0.89, 8.9, 45, 89, and 450 J.LM) solution was 

added to 125 ml Nalgene® flasks containing 50 ml MSM and 15 mg crystalline naphthalene. 

Potassium nitrate was added as necessary to equalize nitrate concentrations among the flasks. 

All flasks were inoculated with approximately 5 X 106 cfu of the Burkholderia and then 

incubated on a rotary shaker at 200 rpm and 23 °C. Samples (1 ml) were taken periodically 

for protein determination by the method of Lowry et al. (14) as a measure of naphthalene . 

biodegradation (15). 

The effect of cadmium on growth of the Burkholderia sp. on naphthalene is shown 

in Figure 1. As the cadmium concentration increased, cadmium toxicity increased resulting 

in delayed or completely inhibited growth. For example, in the presence of8. 9 J.!M cadmium, 

the onset of exponential growth was delayed. At 45, 89, and 450 J.!M cadmium, no 

measurable growth occurred during the 72 hr experiment. 

Effect of rhamnolipid on growth. To determine the effect of rhamnolipid on 

growth in the presence of a toxic level of cadmium, 89 J.!M cadmium was added to 125 ml 

flasks containing 10% MSM, 15 mg crystalline naphthalene, and 0, 8.9, 89, or 890 J.!M 

rhamnolipid to yield a final volume of 50 mi. Each flask was inoculated and incubated as 

described above. One ml samples were removed periodically to determine protein content. 
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The effect of increasing rhamnolipid concentrations on naphthalene biodegradation 

in the presence of 89 cadmium is shown in Figure 2. As expected, in the absence of 

rhamnolipid, essentially no growth was observed. Rhamnolipid added at a 10-fold smaller 

concentration than cadmium (8.9 |iM riiamnolipid vs. 89 (iM cadmium) also had no effect 

on growth. This was expected since there was essentially no cadmium complexation at this 

rhamnolipid level. Rhamnolipid at an equimolar concentration resulted in substantial growth, 

but growth was delayed. Rhamnolipid at a 10-fold higher concentration (890 

rhamnolipid, 89 cadmium) eliminated the effects of cadmium toxicity. 

In contrast to the conclusions of Malakul et al. (1S), these results cannot be explained 

by cadmium complexation alone. Only 890 ^M rhamnolipid significantly reduced the 

bioavailable cadmium concentration (to 11.2 ^M). This level of cadmium should be 

inhibitory to the degrader which is sensitive to as low as 8.9 ^M cadmium (Fig. 1). In 

addition, 89 rhamnolipid did not significantly reduce the bioavailable cadmium and 

should therefore completely inhibit growth (Fig. 1). The inability of the complexation data 

to completely explain the reductions in cadmium toxicity suggested that an additional 

mechanism(s) of toxicity reduction was involved. Several possibilities were considered and 

are discussed in the following sections. 

Utilization of naphthalene and rhamnolipid as carbon sources. Growth studies 

with 890 ^M rhamnolipid in MSM showed that the degrader did not grow on rhamnolipid 

as a sole source of carbon and energy (data not shown). The effect of rhamnolipid (0, 8.9, 

89, or 890 fiM) on growth of the degrader on naphthalene in the absence of cadmium was 
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also investigated. While the growth rate was similar in the absence and presence of 

rhamnolipid, a decrease in the lag period and an increase in cell yield was associated with 

greater concentrations of rhamnolipid (data not shown). This was likely due to rhamnolipid 

increasing the bioavailability of naphthalene as has been shown previously for octadecane, 

hexadecane, and phenanthrene (9, 24-27). Thus, rhamnolipid had a stimulative effect on 

naphthalene degradation by the Burkholderia sp. in both the presence and absence of 

cadmium. 

To further dififerentiate whether the effects of rhamnolipid are to reduce cadmium 

toxicity or to enhance naphthalene bioavailability, the effect of rhamnolipid on 

biodegradation of glucose (a substrate with high bioavailability) in the presence of cadmium 

was determined. In this experiment, conditions were identical to those described above 

except glucose (300 mg/L) rather than naphthalene was used as the sole source of carbon 

and energy. Rhamnolipid mitigated cadmium toxicity during biodegradation of glucose in 

a manner similar to that observed for naphthalene (data not shown). This suggests that the 

effect of rhamnolipid in systems containing cadmium is to reduce cadmium toxicity, and that 

enhanced bioavailability may be a secondary effect that plays a minor role in changing the lag 

period or the cell yield. 

Eflect of rhamnolipid on LPS release. In addition to increasing organic solubility 

and complexing metals, rhamnolipid has recently been shown to increase cell sur&ce 

hydrophobicity in Pseudomonas aeruginosa by inducing LPS release from the outer cell 

membrane (1). We hypothesized that rhamnolipid would similarly cause LPS loss from the 
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Burkholderia sp. used in this study. In this case, cadmium uptake would be reduced due to 

an overall reduction in the negative charge on the cell sur&ce that decreases the interaction 

of the cationic cadmium form (Cd^^) with the cell surface. It is also possible that released 

LPS molecules could bind cationic cadmium via charged functional groups such as 2-keto-3-

deoxyoctanic acid (KDO). To test this hypothesis, LPS release was measured using SDS-

PAGE analysis. Cells were grown in MSM containing 300 mg/L naphthalene for 48 hr, 

adjusted to an OD^ of LO, then centrifuged at 12,100 X g for 10 min and resuspended in 

0, 8.9, 89, or 890 fiM iliamnolipid in 10% MSM. Each suspension was vortexed and 

incubated on a rotary shaker (200 rpm) at 2S°C for 24 hr. Cell suspensions were then 

centrifuged and the supematants were removed and concentrated 1 OX by lyophilizadon and 

resuspension in sterile ddH20. Ten microliters of each concentrated supernatant preparation 

were run on 4% stacker and 12.5% vertical resolving gels (16 cm X 18 cm X O.IS cm) 

against 1 and 10 ^g P. aeruginosa serotype 10 LPS (Sigma, St. Louis, MO) for comparison. 

Two hundred volts were applied until the samples had migrated approximately 14 cm. Gels 

were run at 4°C in a Tris-Tricine running buffer (Bio-Rad, Hercules, CA). LPS were 

visualized by silver staining (10). The density of LPS bands was arudyzed using the 

SpotDenso feature of Alphalmager Software (Alpha Innotech, San Leandro, CA). 

The gel in Figure 3 shows a background level of LPS release in cells not treated with 

rhamnolipid (lane 4). LPS release increased with increasing concentration of added 

rhamnolipid (lanes S to 7). Based on densitometric analysis of the bands, 8.9 ^M 

rhamnolipid increased LPS release over background by a factor of 1.3, 89 increased 
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release by a factor of l.S, and 890 ^M doubled release. As shown in the control lanes, 

rhamnolipid was not stained (lane 3), while protein represented by bovine serum albumin 

(B S A) was stained (lane 2). Since protein is a significant component of the outer membrane, 

it is reasonable to assume that a release of LPS may be accompanied by a release of LPS-

associated proteins. For this reason, the bands from samples (lanes 4-7) may represent both 

protein and LPS; however, previous work (10) has shown that only LPS molecules migrate 

to the bottom of the gel. The results presented here support this finding: bovine serum 

albumin (lane 2) failed to migrate one half the length of the gel, while LPS standards from 

Pseudomonas aeruginosa serotype 10 (lanes 8 and 9) migrated nearly the entire length of 

the gel. As such, the bands near the bottom of the gel from supematants oiBurkholderia 

sp. (lanes 4 to 7) represent LPS. 

Summary. This appears to be the first report of the use of a biosurfactant to reduce metal 

toxicity during the biodegradation of an organic contaminant in a cocontaminated system. 

In the model cocontaminated system studied herein, reductions in cadmium toxicity were 

observed for 89 and 890 ^M rhamnolipid treatments. At 890 rhamnolipid, both metal 

complexation and increased LPS release were observed. In this system, naphthalene 

biodegradation occurred at normal rates. At 89 rhamnolipid, very little cadmium 

complexation was measured, but increased LPS release occurred. In this case, naphthalene 

degradation occurred but with a longer lag period and at a slower rate. At 8.9 

rhamnolipid, no cadmium complexation occurred and only a slight amount of LPS was 

released. In this case, no naphthalene degradation occurred. These data suggest that 
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rhamnolipid reduces cadmium-induced inhibition of naphthalene degradation through a 

combination of cadmium compiexation and release of LPS from the cell. This is in contrast 

to previous work with modified clay complexes and chelating resins that focused solely on 

metal-complexation to reduce metal toxicity (IS), The &ct that rhamnolipid reduced 

cadmium toxicity during biodegradation of both naphthalene (a substrate with limited 

aqueous solubility) and glucose (a substrate with essentially unlimited aqueous solubility) 

suggests that the ability of rhamnolipid to increase substrate bioavailability does not play an 

important role in reducing cadmium toxicity. Finally, this research demonstrates that 

rhamnolipid can induce release ofLPS from a Gram-negative genus (Burkholderia) that does 

not produce rhanmolipid. This suggests that rhamnolipid may be able to reduce metal 

toxicity to microbial consortia in cocontaminated soils through a combination of metal 

compiexation and cell surface alteration resulting in enhanced rates of bioremediation. This 

has been verified for two cocontaminated soil systems (16). 
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91 

Figure Legends 

FIG. 1. Efifect of cadmium concentration on growth of Burkholderia sp. on naphthalene. 

Each point represents the mean protein concentration of triplicate flasks. Error bars 

represent standard deviations. 

FIG. 2. Effect of rhamnolipid (Rhl) concentration on growth of BurktMlderia sp. on 

naphthalene in the presence of 89 ^M cadmium. Each point represents the mean protein 

concentration of triplicate flasks. Error bars represent standard deviations. 

Fig. 3. SDS-P AGE of concentrated (1 OX) supematants of suspensions of Bwkholderia sp. 

Gel was stained using a silver staining procedure for LPS. Lane (1) buffer; (2) S ^g bovine 

serum albumin; (3) 4485.6 ^g (890 ^M) rhamnolipid; (4) supernatant oiBwkholderia sp. 

treated only with MSM; (S) supernatant of Bwkholderia sp. treated with 8.9 fiM 

rhamnolipid; (6) supernatant of Bwkholderia sp. treated with 89 ^M rhamnolipid; (7) 

supernatant of Bwkholderia sp. treated with 890 fiM rhamnolipid; (8) 1 ^gP. aeruginosa 

serotype 10 LPS; (9) 10 jxg P. aeruginosa serotype 10 LPS. Gel was imaged and band 

density (Integrated Density Value) determined using the SpotDenso function of Alphalmager 

(Alpha Innotech, San Leandro, CA). 
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ABSTRACT 

Lowering medium pH from 7 to 4 increased naphthalene biodegradation in the 

presence of a toxic concentration of cadmium in a model cocontaminated system. The effect 

of pH on cadmium speciation in the growth medium was determined by direct measurement 

and geochemical modeling. Only very low concentrations of monovalent hydroxylated 

cadmium (^0.0128 ^M), a cadmium species previously implicated in the effect of pH on 

toxicity, were predicted to form. The concentration of divalent, ionic cadmium (Cd^"^) was 

at least 4 orders of magnitude greater than that of monovalent hydroxylated cadmium in the 

pH range investigated. Cells accumulated less cadmium when the medium was adjusted to 

pH 4 than 6, suggesting that the effect of pH on metal toxicity is due more to increased 

competition between hydrogen and cadmium ions for binding sites on the cell surface than 

to the formation of small quantities of monovalent hydroxylated cadmium. 
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Sites cocontaminated with organic and metal pollutants comprise 40% of the 

hazardous waste sites on the U. S. Environmental Protection Agency's National Priority List 

(NPL) (Sandrin et ah, in press). Conventional remediation of these sites is often costly and 

ineffective (National Research Council, 1994). Bioremediation may be a lower cost 

alternative (National Research Council, 1993), but several studies have shown that metal 

toxicity inhibits organic pollutant biodegradation in cocontaminated systems (Kong, 1998; 

Kuo and Genthner, 1996; MalaJcul et al., 1998; Maslin and Maier, 2000; Roberts et aL, 

1998; Said and Lewis, 1991; Sandrin et ai, in press; Sandrin and Maier, 1999; Springael et 

al., 1993). Few approaches to mitigating metal toxicity in cocontaminated systems have 

been proposed and include the use of metal-resistant bacteria (Roane et al., 1999), treatment 

additives (Jonioh et al., 1999), and chelating agents (Malakul et al., 1998). 

A number of physicochemical factors impact metal bioavailability and resulting 

toxicity (Hughes and Poole, 1991). One of the most important of these factors is pH (Babich 

and Stotzky, 1977). As pH increases, metal toxicity changes (Babich et ai, 1985) and is 

most commonly reported to increase. For example, increasing pH increased the toxicity of 

zinc to filamentous fungi and of cadmium to bacteria (Babich and Stotzky, 1977; Babich and 

Stotzky, 1983; Niragu, J. O, 1983; Korkeala and Pekkanen, 1978), of copper and uranium 

to Chlorella sp. (Franklin etai, 2000), and of zinc to alga (Elargreaves and Whitton, 1976). 

The mechanism by which pH mediates metal toxicity is unclear but may involve; 1) 

the pH-associated speciation of the metal in question to a more or less toxic form (Babich 

and Stotzky, 1985) and/or 2) a change in heavy metal adsorption and uptake, hereafter 
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referred to as accumulation, by microorganisms. Currently, there is support for both of these 

mechanisms in the literature. For example, speciation of cadmium to a monovalent 

hydroxlated form (CdOIT) has been suggested to be responsible for the increased toxicity 

of metals at alkaline pH to fungi, bacteria and actinomycetes (Babich and Stotzky, 1977; 

Collins and Stotzky, 1992; Ivanov et al., 1997). However, the importance of CdOH* in 

determining toxicity is uncertain because studies which have implicated this species in pH-

mediated metal toxicity have not attempted to determine its concentration. In many cases, 

this is because the use of complex media has prohibited making accurate measurements and 

predictions of metal speciation (Babich and Stotzky, 1977; Hughes and Poole, 1991). 

Reduced accumulation of metals by microorganisms at acidic pH has been 

demonstrated. For example, a decrease in the pH of the growth medium from 7 to 3 reduced 

the amount of cadmium accumulated by both living and heat killed CMorella regularis 

(Sakaguchi et al., 1979). Copper and uranium accumulation by Chlorella sp. were also 

reduced by lowering pH from 6.5 to 5.7 (Franklin etal., 2000). Similarly, Rudd et al. (Rudd 

et al., 1983) demonstrated reduced uptake of cadmium, cobalt, copper, manganese, and 

nickel by encapsulated Klebsiella pneumonia as pH was decreased from 6.8 to 4.5. While 

the mechanism of reduced metal accumulation has not been fully elucidated. Franklin et al. 

(Franklin et al., 2000) postulated that the increased hydrogen ion concentration assodated 

with lower pH increases the competition between hydrogen and metal ions for binding sites 

on the cell surface. Despite the fact that these observations have been made, the impact of 

reduced metal accumulation at low pH on the toxicity of metals to bacteria has not been 
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investigated. 

This study was designed to investigate the possibility of manipulating pH to enhance 

organic biodegradation in metal and organic cocontaminated environments. Because 

complex media often prohibit accurate assessments of metal speciation via direct 

measurement or geochemical modeling, we constructed a model cocontaminated system to 

investigate the roles of metal speciation and accumulation in pH-mediated metal toxicity. 

Specifically, the objectives of this study were to use this model system to: 1) investigate the 

potential of pH adjustment to increase naphthalene biodegradation in a cadmium 

cocontaminated system, and 2) to examine the roles of both cadmium speciation and 

accumulation in pH-mediated metal toxicity. 

Model system The model system consisted of a naphthalene-degrading Burkholderia sp. 

(accession no. U37342) isolated fi-om an uncontaminated soil using standard serial 

enrichment methods (Weisburg et aL, 1991). Naphthalene, a ubiquitous, biodegradable 

aromatic pollutant (Mihelcic and Luthy, 1988) was chosen as the model organic. Cadmium, 

the second most common metal at superfimd sites (Enger and Smith, 1992), was chosen as 

the model metal. To allow accurate measurement and prediction of cadmium speciation, a 

dilute mineral salts medium (MSM) was employed in all studies which contained; monobasic 

potassium phos phate (0.1 g/L), dibasic sodium phosphate (0.1 g/L), ammonium 

nitrate (O.OS g/L), ammonium sulfate (O.OS g/L), magnesium sulfate (0.02 g/L), calcium 

chloride (0.002 g/L), iron chloride (0.0002 g/L), and manganese sulfate (0.0002 g/L). 

Naphthalene biodegradation Naphthalene biodegradation was compared between 
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treatments by measuring growth on naphthalene as sole carbon source (300 mg/L) as has 

been previously described (Malakul eta/., 1998} with the exception that total protein 

content, as determined by the method ofLowry eta/. (1951 }, rather than turbidity, was used 

as the measure of growth. 

Effect of cadmium on naphthalene biodegradation Initial experiments were performed 

to determine a concentration of cadmium inhibitory to the Burkholderia sp. In these 

experiments, a cadmium nitrate solution was added to 125 ml Nalgene® flasks containing 50 

ml MSM (pH 6. 5) and 15 mg crystalline naphthalene. Cadmium was added at concentrations 

ranging from 0 to 334 JlM. Nalgene® flasks were used in all experiments to minimize 

sorption of cadmium to the container surfaces. Potassium nitrate was added, when . 

necessary, to equalize nitrate concentrations among the flasks. All flasks were inoculated 

with 106 cfu/ml of the degrader and then incubated on a rotary shaker at 200 rpm and 25 o C. 

Samples (1 ml) were taken periodically for protein determination. 

As shown in Figure 1, the growth rates of all treatments were nearly identical (0.08 

1/h}. The highest concentration of cadmium, 334 JlM, delayed exponential growth 24 hand 

slightly reduced yield in comparison to the control. Intermediate concentrations of cadmium 

(e.g., 45 and 222 JlM} were investigated and exhibited intermediate inhibitory effects on 

growth (data not shown). All subsequent experiments involving cadmium were conducted 

with the most inhibitory investigated concentration, 334 JlM. 

Effect of pH on naphthalene biodegradation The impact of pH on naphthalene 

biodegradation was assessed by measuring growth of the degrader in the presence of3 34 JlM 
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cadmium in MSM adjusted to pH 4, S, 6, or 7 with NaOH or HCI. As shown in Figure 2, 

growth decreased as pH increased as has been described previously (Babich and Stotzky, 

1977; Babich and Stotzky, 1983; Niragu, 1983; Franklin et cd., 2000; Hargreaves and 

WhittQiv 1976; Korkeala and Pekkanen, 1978). Minimal growth occurred at both pH 6 and 

7. Exponential growth began at 16 h in treatments adjusted to pH 4 and S, and the cell yield 

was much higher than in the pH 6 and 7 treatments. In addition, the growth rates of 

treatments adjusted to pH 4 and 5 exceeded those of treatments adjusted to pH 6 and 7. The 

growth rates of the pH 4 and 5 treatments were 0.079 and 0.077 1/h, respectively, while the 

respective growth rates of the pH 6 and 7 treatments were 0.015 1/h and 0.006 1/h. 

To determine whether the increased degradation observed at lower pH was due to 

a physiological preference of the degr ader for acidic environments (/. e., whether the degrader 

was an acidophile), growth was evaluated in the absence of cadmium at the same pH values 

described above. Growth of the degrader at the various pH values in the absence of 

cadmium was far more similar than growth at the same pH values in the presence of cadmium 

(Figure 2B). Although exponential growth was delayed 24 h in the pH 6 and 7 treatments 

in comparison to pH 4 and S treatments, growth in the absence of cadmium in treatments 

adjusted to pH 4 and 5 only exceeded that of treatments adjusted to pH 6 and 7 at two time 

points. This is in contrast to growth in the presence of cadmium, in which treatments 

adjusted to pH 4 and S exhibited growth that exceeded that of the pH 6 and 7 treatments at 

four time points. Furthermore, growth rates were not inversely related to pH as they were 

in the presence of cadmium (Figure 3). Instead, the respective growth rates of the pH 4, 5, 
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6, and 7 treatments were 0.055, 0.040,0.070, and 0.041 1/h. These data demonstrated that 

the degrader was not acidophilic. Thus, the observed decrease in metal toxicity could not 

be fully explained by the physiology of the degrader. 

Cadmium speciation To determine the effect of pH on cadmium speciation, direct 

measurements of ionic cadmium (Cd^O made using a cadmium ion-selective electrode 

(Orion Research, Model 94-48, Cambridge, MA). MSM solutions (20 ml) containing 334 

^M cadmium were initially adjusted to pH 3. Ionic cadmium concentrations were recorded 

as NaOH was added dropwise with continual stirring until the solution reached pH 8. The 

solution was allowed to come to equilibrium before cadmium concentrations were recorded 

and additional NaOH was added. This titration was conducted three times, and free 

cadmium concentrations during a representative titration are shown in Figure 3. Ionic 

cadmium concentrations remained above 300 ^M until the solution pH reached 6.5. As the 

solution became more alkaline, ionic cadmium concentrations began to rapidly decrease, 

reaching a minimum of 18.4 ^ at pH 7.9. This decrease was likely due to the formation 

of cadmium phosphate (CdjPOJ as predicted by MINEQL+ geochemical modeling software 

(Environmental Research Software, Hallowell, ME) and described below. 

To obtain additional information on the pH-dependent speciation of cadmium in the 

MSM used in this study, cadmium speciation was modeled using MINEQL+. While slightly 

underestimating ionic cadmium concentrations, the modeling software predicted that those 

concentrations would decrease as pH increased in a manner very similar to that observed 

with the ion selective electrode as described above (Figure 4A). Furthermore, the software 
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predicted that the loss of ionic cadmium was due to formation of Cd3(P04)2. Insoluble, non-

bioavailable metal phosphates, such as Cd3(P04)2, have been commonly reported to form 

as pH increases from acidic values (Hughes and Poole, 1991). 

The ionic form of cadmium is commonly considered the most toxic and most 

bioavailable form (Angle & Chaney, 1989). In previous attempts to elucidate the mechanism 

of pH-mediated metal toxicity, some have suggested that monovalent hydroxylated species 

found at higher pH values may be more toxic (Babich and Stotzky, 1977; Ivanov et al.̂  

1997). Because metal toxicity is thought to increase with metal valence, it seems unlikely, 

though, that this monovalent species would be more toxic than the divalent, ionic form of 

cadmium (Cd^O- In this present study, we used geochemical modeling software to predict 

concentrations of this species in our system. Only very small concentrations of monovalent 

hydroxylated cadmium were predicted to form (Figure 4B). The highest concentration of 

this species, 0.0128 fiM, was predicted to form at pH 5.9. At this pH, the predicted 

concentration of divalent, ionic cadmium is four orders of magnitude greater (223 ^M). 

Assuming nfionovalent hydroxylated cadmium is equally or less toxic than divalent cadmium, 

such low concentrations suggest that this species plays little to no role in determining 

toxicity. 

Geochemical modeling data also suggested that the role of monovalent hydroxylated 

cadmium in pH-mediated metal toxicity described in other studies may have been much less 

important than some investigators hypothesized. Babich and Stotzky (1977) suggested that 

monovalent hydroxylated metals found at higher pH values may explain the increased toxicity 
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they observed at pH 8-9. Unfortunately, these experiments were conducted in complex 

media, prohibiting accurate modeling of metal speciation. Later, Collins and Stotzky (1992) 

implicated monovalent hydroxylated metal species in cell surface charge reversals thought 

to be involved in increased toxicity observed at alkaline pH values. In contrast to the studies 

of Babich and Stotzky (Babich and Stotzky, 1977), Collins and Stotzky's (Collins and 

Stotzky, 1992) experiments were carried out in water. This allows facile modeling of 

cadmium speciation. According to data from MINEQL+, monovalent hydroxylated 

cadmium was formed near the pH at which cell surface charge reversal was observed (and 

near the pH at which increased toxicity had been reported previously), but only in very low 

concentrations. The highest concentration of CdOIT, formed at pH 8.8, was 4.85 ^M. The 

concentration of divalent cadmium at this pH was more than 16 times higher (79.2 ^M). 

Given this relatively low concentration and the fact that divalent cadmium, with its double 

positive charge, ought to more readily bind to the negatively charged cell sur&ce than 

monovalent cadmium, the role of monovalent hydroxylated species in pH-mediated metal 

toxicity may be much less than originally thought. 

Effect of pH on cadmium accumulation Because physiology and speciation data fiuled to 

completely explain the pH-mediated metal toxicity observed here, the impact of pH on 

cadmium accumulation was investigated. Increased competition between hydrogen and 

heavy metal ions for binding sites on the cell surface has been suggested to reduce metal 

accumulation (Franklin et al., 2000). While metal accumulation has been shown to increase 

with pH, the impact of this accumulation on toxicity to bacteria has not been investigated 
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(Rudde/a/., 1983; Sakaguchie/a/., 1979). Data showing that cadmium accumulation and 

toxicity decrease with decreasing pH would suggest that the impact of pH on cadmium 

toxicity may be due to increased competition between hydrogen and cadmium ions for cell 

surface binding sites. 

To examine the effect of pH on cadmium accumulation, 12 L ofMSM containing 300 

mg/L naphthalene were inoculated with 10' cfu/ml of the degrader. Four days after 

inoculation, cells were pelleted vda centrifugation at 12,100 X g and the pellet was divided 

into equal masses. Each mass of cells was placed in a triplicate 40 ml polypropylene 

centrifuge tube containing 334 ^M cadmium in MSM adjusted to pH 4 or 6. Centrifuge 

tubes were shaken horizontally at 200 rpm for 3 h. After this incubation period, cells were 

again pelleted via centrifugation at 12,100 X g and dried at SO °C for 48 h. Dried cell pellets 

were then microwave digested and analyzed for total cadmium concentrations using 

Induaively Coupled Plasma Spectrophotometry (ICP). 

Cadmium accumulation decreased as pH was lowered from 6 to 4, similar to previous 

studies with algae and encapsulated bacteria (Rudd et al., 1983; Sakaguchi et al., 1979) 

(Table 1). Specifically, cells contained in medium adjusted to pH 4 accumulated only 1S.7 

% (8,920 |ig cadmium/g cells) of the total added cadmium. In contrast, cells in medium 

adjusted to pH 6 accumulated 35.1% (14,590 ^g cadmium/g cells). Accordingly, cadmium 

concentrations in supematants were marginally less in media adjusted to pH 6 than in media 

adjusted to pH 4. These results suggest that pH-dependent metal accumulation may play 

a more important role in the observed pH-mediated cadmium toxicity than formation of 
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cdoir. 

Summary Naphthalene biodegradation increased in a cadmium cocontaminated system as 

pH was lowered. This appears to be the first report of the use of pH adjustment to increase 

biodegradation of an organic pollutant in the presence of a toxic metal. Previous attempts 

to explain the mechanism by which lowering pH reduces metal toxicity have implicated 

CdOir, but no study attempted to determine or predict the concentration of this species. 

This study represents the first attempt to model the concentration of this species during 

microbial growth in a defined medium. Predicted concentrations of this species in both this 

study and a previous one were low, especially in comparison to concentrations of Cd^^. If 

toxicity increases with pH due to the formation of such small quantities of CdOH*, the 

toxicity of this species must be orders of magnitude greater than that of Cd^*. This seems 

unlikely as metal toxicity generally decreases with decreasing valence. For these reasons, the 

reduced toxicity at lower pH appears to result more from the increased competition between 

hydrogen and cadmium ions for binding sites on the cell surface than fi-om the formation of 

CdOH^. In support of this hypothesis, less cadmium was accumulated by cells in media 

adjusted to a lower, less toxic pH than by cells in media adjusted to a higher, more toxic pH. 

Whether pH reduces cadmium uptake or sorption to the cell surface is uncertain. In addition, 

reduced pH may increase heavy metal efflux as some metal pumps (e.^., RND transenvelope 

metal transporters) are driven by the proton motive force (Nies, 1999). Reduced pH should 

generate a greater proton motive force across the cell wall and ther^y increase the activity 

of the pump. To begin to discern these effects, we are investigating the impact of pH on 
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uptake and efflux. In addition, we are assessing the feasibility of this approach to 

increasing organic biodegradation in cocontaminated hazardous waste sites by determining 

the influence of pH on phenanthrene biodegradation by indigenous degraders in the presence 

of cadmium. 
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Table 1: Effect of pH on cadmium accumulation by Burkholderia sp. Cells were exposed 
to 334 fJ.M cadmium in MSM and separated from the . supernatant via centrifugation. 
Microwave digests of cells and supernatants were analyzed for total cadmium concentration 
using ICP. Values represent means and standard deviations of cadmium concentrations of 
triplicate cell pellets. 
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Figure 1; Effect of 0,89, and 334 )iM cadmium on growth ofBurkholderia sp. on 300 mg/L 

naphthalene. Error bars represent standard deviations of the mean protein concentration of 

triplicate flasks. 

Figure 2; Effect of pH on growth of Burkholderia sp. on 300 mg/L naphthalene in the 

presence of334 cadmium (A) and in the absence of cadmium (B). Error bars represent 

standard deviations of the mean protein concentration of triplicate flasks. 

Figure 3; Effect on cadmium and pH on growth rate of Burkolderia sp. 

Figure 4; (A) Effect of pH on speciation of cadmium (334 fiM) in mineral salts medium as 

measured by a cadmium ion selective electrode (filled symbols) and as prediaed by 

MINEQL+" geochemical modeling software (open symbols). (B) Effect of pH on 

concentration of CdOIT as predicted by MINEQL+ (note change in scale of Y-axis). 
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ABSTRACT 

Metal toxicity often inhibits the biodegradation of organic contaminants in systems 

cocontaminated with metals. Recent studies suggest that higher metal concentrations may 

be less inhibitory than lower concentrations, perhaps because they may more effectively 

induce a metal resistance mechanism important in reducing metal toxicity. For this reason, 

we investigated the use of divalent metal cations to increase the total metal concentration and 

reduce cadmium toxicity in a model organic-metal cocontaminated system. Metal toxicity 

was evaluated by determining growth on naphthalene as a sole carbon source. A 

naphthalene-degrading Burkholderia sp., more inhibited by cadmium concentrations of 10 

mg/L and 37.5 mg/L than 100 mg/L, was isolated from an uncontaminated soil. Each 

divalent cation was added at 90 mg/L to treatments containing 10 mg/L or 37.S mg/L 

cadmium and 10^ or 10^ cfu/ml of the degrader. Cobalt and copper completely inhibited 

growth in the presence of either cadmium concentration. Calcium, magnesium, manganese 

and iron did not significantly reduce toxicity associated with 10 mg/L or 37.5 mg/L 

cadmium. Zinc reduced toxicity associated with both concentrations of cadmium, but had 

no effect on cadmium bioavailability or accumulation. Instead, the mechanism by which zinc 

reduced cadmium toxicity may have involved zinc acting as a cadmium analog to induce a 

metal resistance mechanism active only at high metal concentrations. The results of this 

study suggest a possible role of divalent cations in enhancing the bioremediation of 

cocontaminated sites and provide a basis for fiirther study at the molecular level to determine 
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the impact of divalent cations on the expression of efiQux pumps important in metal 

resistance. 



130 

INTRODUCTION 

Forty percent of hazardous waste sites on the United States Environmental 

Protection Agency's National Priority List (NPL) are cocontaminated with both organic and 

heavy metal pollutants (Sandrin et aL, in press). Metals have been shown to inhibit 

biodegradation of organic pollutants (Jackson and Pardue, 1998; Kong, 1998; Kuo and 

Genthner, 1996; Malakul e/a/., 1998; Pardue e/a/., 1996; Richards e/a/., 1998; Roane e/ 

al, 1999; Said and Lewis, 1991; Sandrin et al., in press; Springael et al, 1993), and may 

thus limit the efficacy of bioremediation at these sites. Inhibition of organic pollutant 

biodegradation is generally thought to increase with increasing metal concentrations. 

However, some studies report that low concentrations of some metals stimulate 

biodegradation (Kuo and Genthner, 1996), while others report that high concentrations may 

be less inhibitory than low concentrations (Higham et al., 1985; Roane and Pepper, 1997; 

Said and Lewis, 1991). A lucid understanding of the relationship between metal 

concentration and inhibition of organic pollutant biodegradation is lacking, but will likely 

prove essential to designing strategies to maximize organic biodegradation in the presence 

of metals. 

Why higher metal concentrations are sometimes less inhibitory than lower metal 

concentrations is unclear. At least three possible explanations exist. First, metals such as 

cadmium and zinc are soft Lewis acids capable of significantly reducing medium pH. For this 

reason, high concentrations of such metals may reduce metal accumulation and toxicity by 

lowering pH as has been shown for algae (Franklin et al., 2000) and bacteria (Sandrin and 
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Maier, in preparation). Second, some metals have been reported to reduce uptake of other 

toxic metals. For instance, zinc was found to be a competitive inhibitor of cadmium uptake 

in E. coli (Laddaga and Silver, 198S). Third, high metal concentrations may stimulate 

organic biodegradation by inducing the transcription of a metal resistance mechanism, such 

as a metal efQux pump. Recently studied metal efflux systems which confer metal resistance 

include the Czc efflux system for cadmium, zinc, and cobalt (Silver, 1996) and the zinc and 

cadmium efflux pump, ZntA (Rensing et ai, 1999; Rensing et al, 1997; Rensing et aL, 

1998). The transcriptional regulation of each of these systems awaits complete elucidation, 

but probably rely upon the presence of divalent cations.. In fact, elevated concentrations of 

zinc have recently been shown to induce expression of a znM-Uke gene in the soil bacterium 

Pseudomonas fluorescens (Rossbach et cd., 2000). 

In this vein, we attempted to determine whether various divalent cations could be 

used to increase naphthalene biodegradation in a model cocontaminated system by inducing 

the activity of an effective resistance mechanism and/or reducing cadmium uptake. 

Specifically, the objective of this research was to determine the impact of seven divalent 

cations (calcium, cobalt, copper, iron, magnesium, manganese, and zinc) on naphthalene 

biodegradation in the presence of toxic concentrations of cadmium. 

MATERIALS AND METHODS 

Model system Cadmium, the second most conunon metal at Superfund sites (Enger and 

Smith, 1992), was chosen as the model metal, while naphthalene was chosen as the model 
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organic because of its demonstrated biodegradability (Miheicic and Luthy, 1988). The 

naphthalene-degrader was a Burkholderia sp. isolated from an uncontaminated soil via 

standard serial enrichment techniques and maintained on a mineral salts medium (MSM). All 

experiments were conducted in a dilute MSM to allow; 1) substantial growth of the degrader 

and 2) measurement and geochemical modeling of the bioavailable cadmium concentration. 

The medium contained per liter: 0.1 g monobasic potassium phosphate, 0.1 g dibasic sodium 

phosphate, O.OS g ammonium nitrate, O.OS g ammonium sulfate, 0.02 g magnesium sulfate 

(heptahydrate), 0.002 g calcium chloride (dihydrate), 0.0002 g iron (m) chloride, and0.0002 

g manganese sulfate (dihydrate). The pH of the medium was adjusted to 6.S. The degrader 

was identified by amplification and sequencing of its 16S rDNA (Weisburg etcd., 1991). 

Cadmium toxicity Cadmium toxicity was determined in pure culture batch studies. 

Crystalline naphthalene (IS mg) was added as the sole source of carbon and energy to SO ml 

MSM in 12S ml Nalgene flasks containing 10^ cfli/ml of the degrader and 0 to 100 mg/L 

cadmium. Cadmium was added as cadmium nitrate, and potassium nitrate was added when 

necessary to equalize nitrate concentrations across treatments. Triplicate flasks were placed 

on a rotary shaker at 200 rpm at 2S °C. Samples were taken periodically to determine 

growth via protein measurement (Lowry etaL,\9SV). Growth curves were constructed and 

used as a measure of naphthalene biodegradation as described previously (Malakul et ai, 

1998; Sandrin et al., in press). 

Effects of divalent cations on naphthalene biodegradation Calcium, cobalt, copper, iron, 

magnesium, manganese, and zinc were added at 90 mg/L to 12S mlNalgene flasks containing 
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a toxic concentration of cadmium (10 or 37.S mg/L) and 10^ or 10* cfii/ml of the degrader. 

These two cadmium and initial cell concentrations were investigated to determine the impact 

of divalent cations on naphthalene biodegradation under conditions of relatively low (10 

mg/L cadmium +10^ cfii/ml) and high cadmium (37.5 mg/L cadmium + lO' cfu/ml) toxicity. 

Growth was measured as described above to determine the impact of the cations on 

naphthalene biodegradation. 

Effect of zinc on cadmium bioavailabilitv and medium pH Cadmium bioavailability was 

determined using a cadmium ion-selective electrode (Orion Research, Model 94^8, 

Cambridge, MA) and geochemical modeling of cadmium speciation using MINEQL+ 

(Environmental Research Software, Hallowell, ME). For analysis using the ion selective 

electrode, 0.4 ml of an ionic strength adjuster (S M NaNO,) were added to 20 ml MSM 

containing 90 mg/L zinc and 10 mg/L cadmium. The resulting solution was allowed to come 

to equilibrium and the concentration of ionic cadnuum was determined as the solution was 

continually stirred. Because zinc is acidic, the effect of its addition on the pH of the medium 

was also d^ermined 

Cadmium accumulation MSM (S.5 L) containing 300 mg/L naphthalene was inoculated with 

10^ cfu/ml of the degrader. Four days after inoculation, cells were pelleted via centrifugation 

at 12,100 X g and divided into equal masses. Each mass of cells was placed in a triplicate, 

acid-washed 40 ml polypropylene centrifuge tube containing 37.5 or 100 mg/L cadmium and 

0 or 90 mg/L zinc in MSM . Centrifuge tubes were shaken horizontally at 200 rpm for 3 h. 

After this incubation period, ceUs were again pelleted via centrifugation at 12,100 X g and 
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dried at 50 o C for 48 h. Dried cell pellets were then microwave digested and analyzed to 

determine the total cadmium concentration using Inductively Coupled Plasma 

Spectrophotometry (ICP). 

RESULTS AND DISCUSSION 

Cadmium toxicity As the cadmium concentration increased from 0 to 3 7. 5 mg/L, toxicity 

increased (Figure 1). For example, with 37.5 mg!L cadmium, exponential growth was 

delayed 24 h and the cell yield was slightly reduced. Growth rates in treatments containing 

0 to 3 7. 5 mg/L cadmium were nearly identical ( -0.08 1/h ). Interestingly, 100 mg/L cadmium 

did not inhibit growth. In fact, the growth rate observed with this concentration of cadmium 

(0 .14 1/h) was greater than that observed with no or lower concentrations of cadmium. The 

fact that this high metal concentration was stimulatory was surprising, but similar previous 

reports exist. Said and Lewis (1991) reported that the maximal degradation rate of 2,4-

DME, V max' was significantly less in the presence of 10 JlM cadmium (0.61 ± 0.03) than in 

the presence of 100 JlM cadmium (0.74 ± 0.00). Similarly, populations of2,4-D degraders 

in a cadmium contaminated soil were reported to be more resistant to cadmium toxicity at 

a higher concentration of cadmium ( 40 mg!L) than at a lower concentration of cadmium (20 

mg/L) (Roane and Pepper, 1997). 

Effect of divalent cations on naphthalene biodegradation The finding that a high 

concentration of cadmium ( 100 mg/L) was less inhibitory than lower concentrations of 

cadmium prompted us to examine whether cadmium toxiCity could be mitigated by increasing 
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the overall metal concentration using divalent cations. To accomplish this, 90 mg/L of seven 

divalent cations were added to treatments containing 10 or 37.5 mg/L cadmium to bring the 

total metal concentration to a higher, putatively less toxic concentration (100 to 122.5 mg 

total metal/L). Zinc increased naphthalene biodegradation under both levels of 

cadmium toxicity investigated (Figure 2). Under conditions of relatively low toxicity (Figure 

2A), zinc increased the growth rate to 0.09 1/h from 0.05 1/h in the cadmium only treatment. 

In addition, zinc increased the cell yield at 25 and 30 h. The stimulatory effect of zinc was 

even more pronounced under conditions of higher toxicity (Figure 2B). Zinc reduced 

cadmium-induced lag by approxinuitely 48 h and the cell yield was higher at 50 and 61 h than 

in the treatment containing cadmium and no zinc. These results are similar to those reported 

by ISgham et al. (Higham et ai, 1985) in which zinc reduced cadmium toxicity to 

Pseudomonas putida. 

Cobalt and copper failed to increase naphthalene biodegradation in the presence of 

cadmium (Figure 3). In fact, these cations increased toxicity. Under both conditions of 

relatively low toxicity (10^ cfii/ml initial cell concentration +10 mg cadmium/L) (Figure 3 A) 

and high toxicity (10^ cfli/ml initial cell concentration + 37.5 mg cadmium/L) (Figure 3B), 

growth was completely inhibited. These two metals may be more toxic to the degrader than 

cadmium thus explaining the increased inhibition. 

Iron, calcium, manganese, and magnesium did not significantly increase naphthalene 

biodegradation (Figure 4). Under conditions of relatively low toxicity (Figure 4A), calcium 

and iron did not affect growth in comparison to that of the control containing cadmium but 
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no additional divalent cations. Increases in growth in treatments containing manganese and 

magnesium were observed only at 35 h. Under conditions of relatively higher toxicity 

(Figure 4B), the addition of magnesium and manganese appeared to increase toxicity. For 

instance, less growth was observed in treatments containing iron or magnesium at 76 h than 

in the treatment containing cadmium but no divalent cations. Calcium had no effect on 

growth. Similar to results of studies under conditions of relatively low toxicity, greater 

growth was observed in the manganese containing treatment at 76 and 99 h. 

The mechanism by which high concentrations of cadmium and zinc reduce cadmium 

toxicity is unclear. We began attempting to elucidate the mechanism by determining the 

concentration of zinc required to reduce toxicity. The effects of 6S, 6.5, 0.65, and 0.065 

mg/L zinc on naphthalene biodegradation in the presence of 37.5 mg/L cadmium were 

investigated. Only the highest of these concentrations, 65 mg/L, significantly reduced 

cadmium toxicity in a manner similar to that shown for 90 mg/L (Figure 5). 

Effect of zinc on cadmium bioavailabilitv and medium DH Because relatively high 

concentrations of zinc were required to mitigate cadmium toxicity, we investigated the 

impact of such substantial quantities of zinc on cadmium bioavailability. A reduction in 

cadmium bioavailability caused by zinc could, at least in part, explain the effect of zinc on 

cadmium toxicity. However, no such reduction was detected by either direct measurement 

or geochemical modeling. 

Effect of zinc and cadmium concentration on cadmium accumulation Previous studies have 

shown that metal toxicity and accumulation decrease as pH decreases (Franklin etal., 2000; 
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Sandrin and Maier, in preparation). These reports and the fact that zinc significantly reduced 

medium pH led us to consider the impact of zinc on cadmium accumulation. The zinc-

induced change in medium pH in this system was only 0.7 units (from 6.3 ± 0.01 to 5.63 ± 

O.Ol). Similarly, Franklin (Franklin et aL, 2000) reported reduced cadmium accumulation 

with a pH reduction of only 0.8 units. For this reason, it seemed plausible that zinc may have 

reduced cadmium toxicity, at least in part, by reducing cadmium accumulation. Preliminary 

results, however, indicated that zinc only marginally reduced cadmium accumulation (from 

9,410 ± 1,470 to 7,925 ± 1,381 ^g cadmium/g cells). In addition, the ability of such a small 

reduction in pH to fully account for the dramatic reductions in cadmium toxicity reported 

here is uncertain. Sandrin (Sandrin and Maier, in preparation) previously reported, using the 

degrader described in this study, that cadmium toxicity was reduced at pH 4 and 5, but not 

at pH 6 and 7 in the absence of zinc. In this study, pH was reduced only to S .6. At this pH, 

cadmium toxicity should be much more evident. This suggests that zinc reduced cadmium 

toxicity by means other than simply reducing pH. 

Further evidence suggesting that zinc reduced toxicity by means other than or in 

addition to pH reduction lies in the fact that the degrader was less inhibited by 100 mg/L 

cadmium than 10 or 37.5 mg/L cadmium. Cadmium, like zinc, is acidic and thus capable of 

reducing medium pH. As with zinc, this led us to consider whether 100 mg/L cadmium 

lowered medium pH enough to reduce cadmium accumulation belo^ the amount 

accumulated by cells exposed to 37.5 mg/L cadmium, thus explaining the reduced toxicity 

associated with this higher cadmium concentration. Medium pH was reduced only 0.26 pH 
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units from 6.30 in treatments containing only 37.5 mg/L cadmium to 6.04 in treatments 

containing 100 mg/L cadmium. This minimal reduaion in pH did not reduce cadmium 

accumulation. In fact, cells exposed to 100 mg/L cadmium accumulated 2.21 X 10^ ± 2.06 

X10^ ^gcadmium/g cells, while cells exposed to 37.5 mgcadmium/L accumulated only 9.41 

X 10^ 1.47 X lO' ^g cadmium/g cells. 

Possible effects on cadmium efflux Laddapa and Silver (1985) reported that initial rates of 

cadmium uptake by E. coli were lower with 5 ^M cadmium than with 2.5 cadmium. 

The possibility that zinc and high concentrations of cadmium reduced cadmium uptake in the 

present study cannot be eliminated. The accumulation studies employed here measured both 

cadmium sequestered within cells and cadmium adsorbed onto the cell surface. Zinc and 

high levels of cadmium may have induced the activity of a cadmium efflux pump important 

in metal resistance that transports cadmium from the interior to the exterior of the cell. 

Cadmium ions transported to the exterior of the cell by this pump would likely bind to the 

cell surface where they would be less able to bind to cytoplasmic proteins to exert their toxic 

effects. Thus, toxicity and uptake would be reduced, but total accumulated concentrations 

between cells with and without active efflux pumps may not difflsr. Clearly, cadmium uptake 

studies, employing '"'Cd '̂̂ , are warranted. 

A number of heavy metal efflux pumps important in metal resistance have been 

recently studied and characterized (Rensing et al., 1999; Rensing et al., 1997; Rensing et al., 

1998). Given that at least one of these pumps, a zntA-XlAx P-type ATPase, is induced by 

elevated concentrations of zinc (Rossbach et al., 2000), we propose a model (Figure 6) to 
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explain the increased naphthalene biodegradation observed with the addition of zinc and a 

high level of cadmium. Low, but toxic concentrations of metal (Figure 6A) fail to rapidly 

induce the transcription of a putative efflux pump important in cadmium resistance, such as 

zntA. The activity of this gene could be measured by determining the relative concentration 

of znt^-like mRNA transcripts. Because the metal accumulates within cells, very little 

growth occurs as measured by protein concentration. In the presence of high, but less toxic 

metal concentrations (Figure 6B), substantial growth occurs because transcription of the 

putative znM-like gene occurs rapidly as there are abundant effector molecules (metal 

cations) to initiate transcription. Validation of this model will require: 1) identification of this 

gene and 2) an effective method of monitoring the transcriptional activity of the gene. 

Transposon (e.g. Tn5-/acZ) mutagenesis should allow isolation, characterization and 

monitoring of the gene. 

Summarv Naphthalene biodegradation was more inhibited by cadmium concentrations of 10 

and 37.S mg/L than 100 mg/L. For this reason, the use of seven divalent cations to increase 

the overall metal concentration to reduce toxicity was investigated. Only zinc, at 65 or 90 

mg/L, significantly reduced cadmium toxicity. Zinc (90 mg/L) and cadmium (100 mg/L) 

significantly reduced medium pH, but did not affect cadmium accumulation suggesting that 

cadmium toxicity was mitigated by another mechanism(s). Zinc and high levels of cadmium 

may have stimulated transcription of a molecular metal resistance determinant, such as ZntA. 
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Figure Legends 

Figure. 1. Effect of cadmium concentration on growth ofBurkholderia sp. on naphthalene. 

Each point represents the mean protein concentration of triplicate flasks. Error bars 

represent standard deviations. 

Figure 2. Effect of 90 mg/L zinc on growth of 10^ cfli/ml in the presence of 10 mg/L 

cadmium (A) and 10^ cfu/ml in the presence of 37.S mg/L cadmium (B). Each point 

represents the mean protein concentration of triplicate flasks. Error bars represent standard 

deviations. 

Figure 3. Efifect of 90 mg/L copper and cobalt on growth of 10^ cfu/ml in the presence of 10 

mg/L cadmium (A) and 10^ cfu/ml in the presence of 37.5 mg/L cadmium (B). Each point 

represents the mean protein concentration of triplicate flasks. Error bars represent standard 

deviations. ' 

Figure 4. Effect of 90 mg/L iron, calcium, manganese and magnesium on growth of 10^ 

cfii/ml in the presence of 10 mg/L cadmium (A) and lO' cfii/ml in the presence of 37.5 mg/L 

cadmium (B). Each point represents the mean protein concentration of triplicate flasks. 

Error bars represent standard deviations. 
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Figure 5. Effect of 0, 0.065, 0.65, 6.5, and 65 mg/L zinc on growth of 10* cfu/ml in the 

presence of 37.5 mg/L cadmium. Each point represents the mean protein concentration of 

triplicate flasks. Error bars represent standard deviations. 

Figure 6. Proposed model to account for increased naphthalene biodegradadon observed at 

elevated metal concentrations. Low, but toxic metal concentrations (A) fail to significantly 

induce transcription of a gene important in metal resistance (e.g. zntA), but toxicity of higher 

metal concentrations is reduced as transcription of the gene important in resistance is more 

rapidly induced (B). 
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Figure 2B. 
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Figure 3 A. 
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Figure 3B. 
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