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ABSTRACT 

A series of three experiments were conducted to determine the diversity of 

indigenous chlorobenzoate (CB) degraders in soil and to investigate the use of different 

methods of bioaugmentation for remediation of contaminated soil. In the first study, soil 

was amended with either 500 or 1000 |j,g of 3-CB g"' and was either uninoculated or 

inoculated with the 3-CB degrader Comamonas testosteroni BR60. Bioaugmentation 

with C. testosteroni BR60 increased 3-CB degradation at both contaminant levels, and 

the increase was more pronounced at the higher level due to contaminant inhibition of 

indigenous 3-CB degraders. Bioaugmentation also appeared to reduce the deleterious 

effects that 3-CB contamination had on indigenous soil microbial populations as 

evidenced by changes in culturable heterotrophic bacterial populations. In the second 

study, two similar pristine soils were contaminated with 500 |^g of 2-, 3-, or 4-CB g"'. 

The two soils differed in their ability to degrade the compounds with one degrading 2-

and 4-CB and the other degrading 3- and 4-CB. Several hundred degraders were isolated, 

grouped according to DNA fingerprints, and selected degraders were identified by 16S 

rDNA sequences. The identity of the CB degraders differed between the two soils. The 

results indicated that the development of 2-, 3-, and 4-CB degrader populations was site-

specific even for the soils that developed under similar soil-forming conditions. The third 

study also used the two soils from the second study. This project investigated the 

potential for use of activated soil, which contained an indigenous degrader population, as 

a bioaugmentation inoculant. An aliquot of a given soil that contained an indigenous 2-, 

3", or 4-CB degrader population was added to a soil that did not have an indigenous 



degrader population for the same contaminant. The study found that bioaugmentation 

with activated soil increased degradation of each 2-, 3-, and 4-CB but only if the 

activated soil was pre-exposed to the contaminant prior to use for bioaugmentation. The 

results from these three studies indicate that CB degrader populations are diverse and 

variable in pristine soils and, if not present in contaminated soils, appropriate degrader 

populations may be established via different bioaugmentation strategies. 
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CHAPTER 1 

PROBLEM DEFINITION AND LITERATURE REVIEW 

Problem Definition 

I. Occurrence of Chlorobenzoates in the Environment 

Chlorobenzoates are common soil pollutants that occur at polychlorinated 

biphenyl (PCB)-contaminated sites as products of microbial PCB-metabolism (Barriault 

and Sylvestre, 1993). Historically, much of the efforts to isolate chlorobenzoate (CB) 

degraders from the environment have focused on these contaminated soils (Focht and 

Shelton, 1987; Hickey and Focht, 1990; Wyndham et al, 1988); however, several 

relatively recent studies have found widespread occurrence of chlorobenzoate degrading 

bacteria even within non-contaminated sites (Fulthorpe et al, 1998; Yi et al., 2000). For 

example, one study successfully isolated 3-CB degraders from pristine ecosystems in five 

different continents (Fulthorpe et al., 1998). The study also found that geography and 

vegetation impacted which degraders developed at each site. 

It is likely that chlorobenzoate degrading bacteria develop and are maintained in 

pristine sites due to naturally occurring halogenated compounds. Plants, insects, bacteria, 

and fungi are known to release halogenated chemicals into the envirormient (Gribble, 

1998). In fact, more than 2900 organohalogen compounds are known to be naturally 

produced (Gribble, 1998). These halogenated compounds may be intentionally produced, 

such as chemical defenses, or may be by-products of metabolism (Fetzner, 1998). For 

instance, at least sixty-eight different genera of Basidiomycetes have been shown to 
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produce halogenated, primarily chlorinated, metabolites (de Jong and Field, 1997). It 

also appears that chlorobenzoates specifically are naturally produced in the environment 

(Niedan and Scholer, 1997). 

II. Diversity of Chlorobenzoate Degrading Microorganisms 

With the widespread occurrence, albeit at low levels, of chlorinated hydrocarbons 

naturally in the environment, it is not surprising that many different bacteria that degrade 

the three monochlorobenzoates, 2-, 3-, and 4-CB have been identified. Isolated bacteria 

that degrade 2-CB include Alcaligenes spp., Burkholderia spp., and Pseudomonas spp. 

(Hickey and Focht, 1990; Miguez et al., 1990; Tsoi et al., 1999; Suzuki et al., 2001). The 

3-CB degraders include Acinetobacter spp., Alcaligenes spp.. Bacillus spp., Burkholderia 

spp., Comamonas spp., Pseudomonas spp., and Ralstonia spp. (Bott and Kaplan, 2002; 

Gentry et al, 2001; Lang, 1996; Ogawa and Miyashita, 1995; Reber and Thierbach, 

1980; Wyndham et al., 1988). The 4-CB degraders mfAudo, Alcaligenes spp., 

Arthrobacter spp., Burkholderia spp., Nocardia spp., Pseudomonas spp., and 

Sphingomonas spp. (Ajithkuman and Kunhi, 2000; Davison et al., 1999; Klages and 

Lingens, 1979; Marks et al., 1984; van den Tweel et al., 1987). 

III. Diversity of Chlorobenzoate Degradative Genes 

Even though many of the same genera of bacteria degrade 2-, 3-, and 4-CB, the 

three compounds are typically degraded by different enzymes and pathways (Fig. 1). 

Isolated 2-CB degrading bacteria convert 2-CB to catechol using a 2-halobenzoate 

dioxygenase enzyme (Haak et al., 1995; Suzuki et al., 2001; Tsoi et al., 1999). Likewise, 

most of the isolated 4-CB degrading bacteria convert 4-CB to 4-hydroxybenzoic acid 
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using dehalogenases with some isolates also using CoA ligase and CoA thioesterase in 

intermediate steps (Babbitt et al., 1992; Chae et al., 2000; Dunaway-Mariano and Babbitt, 

1994). The 3-CB genes are probably the best characterized of the monochlorobenzoate 

degradative genes primarily due to overlap with the 2,4-dichlorophenoxyacetic acid (2,4-

D) degradation pathway (Plumeier et al., 2002). The most common pathways for 

bacterial 3-CB degradation are: 1) 3-CB is converted to 3-chlorocatechol by non-specific 

benzoate dioxygenases and is further degraded by specific enzymes including 3-

chlorocatechol dioxygenase - this is the pathway that overlaps with 2,4-D degradation; 

and 2) 3-CB is converted to 5-chloroprotocatechuate by chlorobenzoate dioxygenase and 

dehydrogenase and further degraded by protocatechuate dioxygenase (Krooneman et al, 

1996; Nakatsu et al., 1997; Plumeier et al., 2002). Some researchers have found overlap 

in the degradation pathways of 2-, 3-, or 4-CB, and have also isolated bacteria capable of 

degrading two or more mono CBs and even di- and trichlorobenzoates (Ajithkumar and 

Kunhi, 2000; Hickey and Focht, 1990). For example, Francisco et al. (2001) isolated a 

Burkholderia sp. (NK8) from soil that grew on 3- and 4-CB but could not grow on 2-CB. 

Interestingly, the researchers found that the chlorobenzoate dioxygenase of Burkholderia 

sp. NK8 had activity against 2-CB similar to that which it had against 3- and 4-CB, even 

though the isolate could not grow on 2-CB. Unlike 3- and 4-CB, 2-CB did not induce 

expression of the chlorobenzoate degradation pathway. Additionally, the enzyme had 

relaxed specificity as evidenced by conversion of 2-CB to both catechol and 3-

chlorocatechol, and conversion of 3-CB to both 3-chlorocatechol and 4-chlorocatechol. 

Chlorobenzoate degradative genes are also commonly found on transmissible plasmids or 



16 

transposons, which may explain the widespread distribution of chlorobenzoate 

degradative genes in diverse bacterial genera - possibly resulting from horizontal gene 

transfer events (Don et al., 1985; Ghosal et al., 1985; Rensing et al., 2002; Yi et al., 2000; 

Zhou and Tiedje, 1995). 

IV. Bioaugmentation with Chlorobenzoate Degraders 

Even though chlorobenzoate degraders are widely distributed, they may not be 

present or active in certain sites under existing environmental conditions (Hickey et al., 

1993). For example. Gentry et al. (2001) found that a Madera sandy loam soil readily 

degraded 500 |ag of 3-CB/g but did not degrade 1000 fxg of 3-CB/g. The higher level of 

3-CB evidently inhibited the activity of the indigenous 3-CB degraders. 

Bioaugmentation may be necessary to achieve an acceptable level or rate of remediation 

under such conditions where contaminant-degrading microorganisms do not exist at a 

site, only occur in low numbers, or are inhibited by pollutant toxicity. Chlorobenzoates 

also have a broader application in bioaugmentation studies as model contaminants due to 

the number and diversity of microorganisms that degrade CB. 
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Literature Review 

I. Introduction 

A. History of Bioaugmentation 

Bioaugmentation has been utilized in agriculture for many years. The inoculation 

of legumes w^ith symbiotic, nitrogen fixing Rhizobium spp. dates back to the 1800's. 

Attempts have also been made to utilize bioaugmentation with free-living or plant-

associated nitrogen fixing bacteria such as Azotobacter or Azospirillum spp. to increase 

plant yields (Monib et al., 1979; Ramos et al., 2002). Other agricultural applications of 

bioaugmentation include inoculation of plant seeds with plant-growth-promoting 

microorganisms or with plant-protecting microorganisms that are antagonistic to plant 

pathogens (Bent et al., 2001; Hamid et al., 2003; Niemi et al., 2002). Inoculation is also 

used to transform agricultural products into more useful forms such as the generation of 

silage from forages (Taylor et al., 2002). 

More recently, bioaugmentation has been applied in attempts to remediate 

numerous environmental problems. Inoculants are commonly added to compost piles and 

septic tanks to expedite degradation (Fang and Wong, 2001). Bioaugmentation with 

microorganisms has been shown to increase degradation of numerous compounds 

including oil, pentachlorophenol, PCBs, nitrophenols, and several pesticides such as 

atrazine, dicamba, and carbofuran (Alexander, 1999). However, numerous other studies 

have demonstrated that bioaugmentation often does not result in increased contaminant 

remediation (Alexander, 1999; Bouchez et al., 2000; Mueller et al., 1992). 



B. Problems Associated with Bioaugmentation 

Studies often observe that the number of exogenous microorganisms decrease 

shortly after addition to a site. There are several explanations for the death of introduced 

organisms including both abiotic and biotic stresses (Alexander, 1999). The abiotic 

stresses may include fluctuations or extremes in temperature, water content, pH, and 

nutrient availability, along with potentially toxic pollutant levels in contaminated soil 

(van Veen et al., 1997). In addition, the added microorganisms often face competition 

from indigenous organisms for limited nutrients, along with antagonistic interactions 

including antibiotic production by competing organisms, and predation by protozoa and 

bacteriophages. 

It can also be difficult to deliver the inoculant to the desired location. This is not 

problematic for surface soils where the inoculant can be mechanically incorporated into 

the contaminated material, but in subsurface environments direct incorporation ranges 

from difficult to impossible. Technologies such as use of ultramicrobacteria, bacteria 

with altered cell surface properties, and/or addition of surfactants may facilitate greater 

transport through the soil matrix (Ross et al., 2001; Streger et al., 2002). The ability to 

distribute the inoculant also depends on what organism is being used. Fungi, which are 

larger than bacteria, are usually restricted to surface applications while bacteria are more 

adaptable to surface or subsurface applications. 

Other researchers including Dejonghe et al. (2001), Pritchard (1992), van Veen et 

al. (1997), and Vogel (1996) have published reviews on bioaugmentation. Our goals for 

this review are to build on the foundation of the previous bioaugmentation reviews and to 
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discuss new technologies including: 1) novel methods to increase survival of 

microorganisms inoculated into contaminated sites; 2) the development of genetically 

engineered microorganisms with increased remediation capabilities; 3) use of reporter 

genes to monitor the activity and/or presence of introduced microorganisms; 4) use of 

suicide genes to control the spread of genetically engineered microorganisms; and 5) 

plant-based technologies for delivering remediation genes to a contaminated site. 

II. Cell Bioaugmentation 

A. Use of Carriers to Deliver Microorganisms 

Several different techniques have recently been developed for bioaugmenting 

environmental sites (Fig. 2, Table 1), but microbial inoculants have historically been 

applied to the soil as live microorganisms in either a liquid culture or attached to a carrier 

material (Pepper et al., 2002). When applying the inoculant to a harsh envirormient such 

as soil, it may be desirable to use a carrier material since it can provide a protective niche 

and even temporary nutrition for the introduced microorganism (van Veen et al., 1997). 

Numerous different carrier materials have been used including biosolids, charcoal-

amended soil, clay, lignite, manure, and peat (Beck, 1991; Ben Rebah et al., 2002; Jones 

et al., 1984; Kok et al., 1996; Olsen et al., 1996; van Veen et al, 1997). The desired 

characteristics for a carrier material as listed by van Veen et al. (1997) include: 1) 

providing an adequate environment for cell survival and growth resulting in a long shelf 

life and enhanced activity when added to the envirormient; 2) being nontoxic to the 

inoculant microorganisms and the environment; and 3) allowing targeted introduction of 
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cells and also a means to contain the introduced microorganisms when control is 

necessary. 

Even with the use of a carrier material, inoculation of exogenous microorganisms 

into soil is often not successful, ostensibly because the inoculant is not adapted to 

compete and survive in the harsh soil environment. Van Dyke and Prosser (2000) 

utilized an interesting approach to solving this problem by using sterile soil as the carrier. 

The researchers added a Pseudomonas fluorescens strain, containing the luxAB genes for 

limiinescence on the chromosome, to soil either as a liquid culture, in a sterile soil carrier, 

or in a non-sterile soil carrier. For the soil carrier treatments, a liquid culture was added 

to sterile or non-sterile soil before it was directly incorporated into the target soil. All 

bioaugmented treatments received 10^ CFU of P. fluorescens!g. The bacteria introduced 

via the non-sterile soil demonstrated enhanced survival compared to the other treatments. 

-5 

After 28 d, <10 CFU of introduced bacteria/g remained in the microcosms amended 

with the liquid inoculant and non-sterile soil inoculant, compared to > lO"* CFU of 

introduced bacteria/g in microcosms amended with the sterile soil inoculant. The authors 

also included treatments where P. fluorescens was inoculated in sterile soil, incubated for 

7 or 14 d, and then used as the bioaugmentation inoculant. Interestingly, the longer P. 

fluorescens was incubated in the sterile soil, the better it survived when added to the 

target, non-sterile soil - about 10^ CFU/g remained after 28 d. The researchers theorized 

that growth of P. fluorescens in the sterile soil may have allowed the strain to adapt to the 

soil envirormient prior to encountering competition from indigenous microorganisms 

when added to the non-sterile soil. 
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B. Use of Immobilized Microorganisms for Bioaugmentation 

Several other materials including acrylate copolymers, agarose, alginate, gelatin, 

gellan gum, kappa-carrageenan, polyurethane, and polyvinyl alcohol gel have been 

developed to encapsulate or immobilize microorganisms for industrial purposes (Gardin 

and Pauss, 2001; Gugerli et al., 2002; Middeldorp et al., 1990; Moslemy et al., 2002; 

O'Reilley and Crawford, 1989; Quan et al., 2003; Sefton et al., 1987). Recently, 

researchers have investigated the use of these bacterial immobilization systems for the 

delivery of introduced microorganisms into soil (van Veen et al., 1997). As discussed by 

van Veen et al. (1997), the use of these carriers allows the microorganism to be 

immobilized in a relatively non-toxic matrix through which gases and liquids can diffuse. 

Alginate is the most commonly investigated carrier for bioremediation applications, and 

has been used with numerous contaminants including chromium, cresol, nitrate, 

pentachlorophenol, phenanthrene, phenol, phosphate, and 2,4,6-trichlorophenol (Bastos 

et al., 2001; Briglia et al., 1990; Ganguli and Tripathi, 2002; Gardin and Pauss, 2001; 

Hajji et al., 1999; Middeldorp et al., 1990; Patureau et al., 2001; Sheeja and Murugesan, 

2002; Weir et al., 1995). Alginate may also have potential for delivery of naked DNA 

directly into the environment for the purpose of gene bioaugmentation which we discuss 

in a later section (Aggarwal et al., 1999). 

The capsule matrix buffers the introduced microorganisms against pollutant toxicity, 

harsh abiotic conditions, and antagonistic microbial interactions in the soil. For example, 

Bastos et al. (2001) reported that alginate-encapsulation increased the tolerance of 

Alcaligenes faecalis cells to phenol from 1.1 mg phenol/ml in unencapsulated cells to 1.7 



mg phenol/ml. Additionally, substrates or C compounds can be added to the capsule to 

confer an advantage to the embedded inoculant (Trevors et al., 1992); however, 

Duquerme et al. (1999) reported that diffusion of growth substrates from the capsule into 

the surrounding soil can diminish the positive effect. The capsule may also protect the 

inoculant from indigenous soil microorganisms as evidenced by prevention of phage 

OR2f lysis of alginate-encapsulated Pseudomonas fluorescens (Smit et al., 1996). 

Another major benefit of the immobilization technology is the ability to create 

microsites with a unique microbial community that works interactively to remediate a 

given compound. Hajji et al. (2000) used an alginate-encapsulated methanogenic 

consortia to remediate o-cresol,/(-cresol, and phenol contaminated sludges. Total 

removal of phenol occurred in less than 40 d following the addition of the immobilized 

consortium, compared to 171 d in the control without the consortium. Similar effects 

were seen for o- and j!?-cresol although both compounds took longer to degrade than did 

the phenol. Moslemy et al. (2001) bioaugmented gasoline-containing liquid media with a 

gasoline-degrading bacterial consortium either as free cells or encapsulated in gellan-

gum. The immobilized cells removed over 90 % of the gasoline within 10 d, and about 

15 d sooner than the free cells removed the highest level of gasoline. Immobilization also 

eliminated the acclimation period that occurred before degradation began with free cells. 

In contrast, immobilized cells only degraded 30 to 50 % of gasoline in saturated soil 

microcosms compared to 40 to 60 % degraded by free cells. The authors hypothesized 

that the difference between the liquid and soil experiments may have been due to 

inadequate agitation of the saturated soil microcosms during incubation, and thus less 
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bioavailability of the gasoline to the encapsulated cells. Additionally, Vassilev et al. 

(2001) demonstrated the utility of immobilized, mixed microbial cultures for rhizosphere 

bioaugmentation. The researchers inoculated soil with the arbuscular mycorrhizae, 

Glomus deserticola and the P-solubilizing yeast, Yarowia lipolytica. The 

microorganisms were applied to the soil either as free cultures, in alginate alone, or in 

alginate together. Treatments receiving the co-immobilized strains had increased plant 

dry weights, soluble P levels, and levels of mycorrhizal colonization. The authors 

concluded that the yeast had functioned as a "mycorrhizae helper microorganism." The 

results show the potential for delivery of specific combinations of immobilized-

microorganisms designed for a given purpose. A more thorough, although now slightly 

dated, review on environmental applications of immobilized cells can be found in 

Cassidy et al. (1996). 

C. Mixed Microbial Cultures and Cell-Free Extracts for Bioaugmentation 

If a site is contaminated with different chemicals, it may be necessary to use 

multiple microbial cultures for bioaugmentation. An example of this situation is soil 

cocontaminated with metals and organics. Roane et al. (2001) used a dual-

bioaugmentation strategy to remediate soil contaminated with both Cd and 2,4-

dichlorophenoxyacetic acid (2,4-D). The researchers inoculated the soil with the metal 

resistant bacterium Pseudomonas strain HI and/or the 2,4-D-degrading bacterium 

Ralstonia eutropha JMP134. Bioaugmentation with both Pseudomonas strain HI and R. 

eutropha JMP134 increased 2,4-D degradation in the presence of Cd, as compared to 

microcosms not bioaugmented or bioaugmented with only one strain. Another interesting 
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point from this paper is that the authors added the Pseudomonas strain HI 48 h before 

adding the R. eutropha JMP134. It was hypothesized that by staggering the 

bioaugmentation, the metal-resistant Pseudomonas strain HI was able to partially 

detoxify the Cd (reportedly by intracellular sequestration) prior to introduction of the Cd-

sensitivei?. eutropha 

Another approach is to add cell-free extracts, such as surfactants, along with the 

microbial inoculant. Cell-free extracts have been used independently for bioremediation, 

but they may also have a utility in bioaugmentation applications (Hong et al., 2002; 

Maier et al., 2001; Zouboulis et al., 2001). Specifically, surfactants have been used to 

increase the degradation of organic contaminants by microbial cultures. Sandrin et al. 

(2000) investigated the use of the metal-complexing biosurfactant, rhamnolipid for 

decreasing metal toxicity in a model cocontaminated system. The system contained Cd 

and naphthalene and was inoculated with a naphthalene-degrading Burkholderia sp. The 

authors found that rhamnolipid eliminated Cd toxicity when added at a 10-fold higher 

concentration than the Cd. At lower concentrations, the rhamnolipid either only reduced 

or had no impact on Cd toxicity. The authors concluded that rhamnolipid decreased Cd 

toxicity through metal complexation and LPS release, and possibly increased naphthalene 

bioavailability. Likewise, Hodgson et al. (2000) found that the nonionic surfactant 

Tween 80 more than doubled the amount of 2,4,6-trinitrotoluene (TNT) mineralized by 

the white-rot fimgus Phanerochaete chrysosporium. 
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D. Activated Soil Bioaugmentation 

Another approach to cell bioaugmentation is to use activated soil directly as the 

inoculant without extracting the degraders from the soil (Barbeau, et al., 1997, Dejonghe 

et al., 2001, Runes, 2001). Activated soil is defined as soil that has been exposed to the 

contaminant of interest and contains a developed degrader population that can eliminate 

the contaminant. The use of activated soil for bioaugmentation may have the appearance 

of being less scientific than other methods but has the potential advantages of: 1) 

introduction of a naturally-developed degrader population(s) that may be composed of 

several members or even consortia that would not be as effective if they were isolated 

and applied to the site as pure cultures; 2) the degraders are not cultured outside of the 

soil and thus do not lose their ability to compete in the environment as is often observed 

for lab-cultured strains; and 3) potential inclusion of unculturable degraders that would be 

missed in attempts to isolate and culture an organism from one site in order to introduce 

the organism to another site (Gentry et al., 2003). Activated soil also provides many of 

the benefits of carriers such as alginate as described in the previous section (Barbeau et 

al, 1997). 

Barbeau et al. (1997) used activated soil to remediate pentachlorophenol (PCP)-

contaminated soil. The researchers collected two different PCP-contaminated soils from 

a wood-mill site and a treated-pole storage site. Soil 2 degraded PCP and was used for 

the bioaugmentation inoculant while the Soil 1 did not degrade PCP and was 

bioaugmented. The activated soil inoculant was prepared by incubating Soil 2 in a soil 

slurry bioreactor for 31 d. Progressively increased levels of PCP (up to 300 mg/1) were 
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added to the bioreactor during the incubation. The activated Soil 2 was then used to 

bioaugment Soil 1 resulting in addition of 10^ CPU of PCP degraders/g bioaugmented 

soil. The PCP concentration in Soil 1 bioaugmented with activated Soil 2 decreased from 

400 mg/kg to 5 mg/kg within 130 d while PCP concentrations remained unchanged in the 

non-bioaugmented soil. 

Similarly, Runes et al. (2001) investigated atrazine degradation following 

bioaugmentation with activated sediment. The researchers generated the activated 

sediment by mixing 1 g of soil from an atrazine-spill site (containing approximately 10^ 

CPU of degraders/g soil) with 99 g of wetland sediment and amending the mixture with 

10 |ig atrazine/g. After 60 d of incubation, about 30 % of atrazine had been mineralized 

in the sediment bioaugmented with activated soil while less than 3 % of atrazine had been 

mineralized in the non-bioaugmented sediment. 

The two previous studies investigated the use of historically contaminated soil as 

the activated soil inoculant. Gentry et al. (2003) conducted a study that used newly 

contaminated pristine soil as the activated soil inoculant. The researchers amended two 

different soils, Madera and Oversite, with 500 |ag 2-, 3-, or 4-chlorobenzoate (CB)/g soil. 

The Madera soil degraded 2-CB while the Oversite soil degraded 3- and 4-CB. The 

Madera soil that degraded 2-CB was used to bioaugment the Oversite soil that did not 

degrade 2-CB. Likewise, the Oversite microcosms that degraded 3- and 4-CB were used 

to bioaugment the Madera microcosms that did not degrade 3- and 4-CB, respectively. In 

all cases, bioaugmentation with activated soil increased CB degradation. The authors 

also isolated CB degraders from the bioaugmentation inoculants and the bioaugmented 
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soils. The degraders that developed in the bioaugmented microcosms were the same 

degraders that were detected in the original activated soil demonstrating no evidence for 

involvement of gene transfer in the adaptation of degraders in the bioaugmented soil. 

III. Gene Bioaugmentation 

Since introduced microorganisms often do not survive following 

bioaugmentation, scientists have investigated the use of naturally occurring horizontal 

gene transfer processes for introduction of remediation genes into a contaminated site. 

Recent advances in genome sequencing are revealing the large role that horizontal gene 

transfer has played in microbial development and adaptation in the environment (Ochmein 

et al., 2000). Horizontal gene transfer may occur via uptake of naked DNA 

(transformation), mediation by bacteriophage (transduction), or physical contact and 

exchange of genetic material such as plasmids between microorganisms (conjugation). 

The potential advantages for use of gene bioaugmentation, where the remediation 

genes are in a mobile form such as a self-transmissible plasmid, over the traditional cell 

bioaugmentation approaches are: 1) introduction of remediation genes into indigenous 

microorganisms that are already adapted to survive and proliferate in the harsh soil 

envirormient; and 2) no requirement for long-term survival of the introduced host strain. 

The transfer of plasmids, via conjugation, is the technology most studied with respect to 

bioaugmentation (Christensen et al., 1998; Dejonghe et al., 2000; DiGiovanni et al., 

1996; Herrick et al., 1997; Newby et al., 2000a; Newby et al., 2000b; Top et al., 1998; 

Top et al., 1999; Top et al., 2002). 
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Newby et al. (2000a) compared bioaugmentation with two different bacterial 

donors for deUvering the self-transmissible plasmid pJP4, containing 2,4-D degradative 

genes, to indigenous soil bacteria. The pJP4 plasmid was delivered to the soil either in its 

original host, R. eutropha JMP134 or in E. coli D11 (Newby et al., 2000b). The R. 

eutropha JMP134 was capable of mineralizing 2,4-D but E. coli D11 was not because it 

lacked the chromosomal genes that, along with the plasmid genes, allow for complete 

degradation of 2,4-D. Accordingly, 2,4-D was degraded within 28 d in the soil receiving 

the R. eutropha JMP134, but took 49 d to degrade in the non-bioaugmented soil and soil 

receiving the E. coli D11 inoculant. Most of the 2,4-D degraders isolated from the soil 

receiving R. eutropha JMP134 were identified as the inoculant organisms while 

numerous transconjugants were detected in the E. coli D11 amended soil. Following 

degradation of the initial 2,4-D amendment, the authors added additional 2,4-D to the 

soil. After the re-amendment, 2,4-D was degraded more rapidly in the microcosms that 

received the E. coli D11 inoculant than the soil that received the R. eutropha JMP134 

inoculant and non-bioaugmented soil. These results indicate the potential for indigenous 

microorganisms to degrade specific contaminants if furnished with the necessary genetic 

material via gene bioaugmentation. 

Other researchers have also found similar results. Dejonghe et al. (2000) 

investigated the dissemination of two different 2,4-D degradation plasmids in both the A 

and B horizons of a soil. Addition of an auxotrophic Pseudomonas putida strain 

containing either of the two plasmids to the B horizon resulted in increased 2,4-D 

degradation. In contrast, 2,4-D degradation was only increased in the A horizon if 



nutrients were also added to the soil, and the degradation may have been due to activity 

of the donor strain. 

Another approach to gene bioaugmentation is to isolate a microorganism from the 

enviroimient, incorporate the necessary remediation genes into the organism, and re

introduce the strain into the site. Wantanabe et al. (2002) isolated the phenol-degrading 

bacterium Comamonas sp. rN7 from activated sludge. The Comamonas sp. rN7 was the 

dominant phenol-degrading population in the sludge, but was not as efficient at phenol-

degradation as were other strains such as Comamonas testosteroni R5. The authors 

initially attempted to bioaugment the sludge with C. testosteroni R5 but without success 

(Watanabe et al., 1996). They then isolated the phenol-degradative genes from C. 

testosteroni R5, and introduced the genes into the chromosome of Comamonas sp. rN7 

via a mini-Tn5 construct to create Comamonas sp. rN7(R503) (Watanabe et al., 2002). 

The authors then amended the activated sludge with C. testosteroni R5, Comamonas sp. 

rN7, or Comamonas sp. rN7(R503). The gene-augmented strain Comamonas sp. 

rN7(R503) survived in the sludge better than C. testosteroni R5 and resulted in improved 

resistance to phenol-shock when compared to all other treatments. Gene 

bioaugmentation may also have applications for metal contaminated sites (Dong et al., 

1998). A more thorough review of the use of mobile genes in bioaugmentation can be 

found in Top et al. (2002). 
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IV. Phytoremediation 

A. Use of Plant-Associated Microorganisms for Contaminant Remediation 

A developing approach for bioaugmentation is to add the microbial inoculant to the 

soil along with a plant that supports the inoculant's growth. The use of plants for 

remediation, or phytoremediation, is a relatively new technology. Phytoremediation has 

generated much interest because it is a low-cost technique that also has less of a negative 

impact on the site than other remediation methods such as excavation. The United States 

Environmental Protection Agency broadly defines phytoremediation as "the direct use of 

living plants for in situ remediation of contaminated soil, sludges, sediments, and ground 

water through contaminant removal, degradation, or containment" (U.S. EPA, 1999). 

Phytoremediation processes potentially include: extraction; filtration; stabilization; 

degradation; and/or volatilization of the contaminant. Additionally, these processes can 

be mediated by plants and/or plant-associated microorganisms. For example: 1) 

trichloroethylene (TCE) is taken up and metabolized or transpired by poplar trees; 2) 

some metals are changed into more bioavailable forms by microorganisms and then taken 

up by hyperaccumulating plants; and 3) many recalcitrant, organic pollutants are 

transformed or degraded by plant-associated microorganisms (Gordon et al., 1998; 

Karthikeyan and Kulakow, 2003; Krutz et al., 2003, Leeson and Alleman, 1999; Whiting 

et al., 2001). 

The rhizosphere, or zone of soil under the influence of plant roots, is well known as a 

site of elevated microbial numbers and activity (Curl and Truelove, 1986). Additionally, 

different plant roots select for different rhizosphere populations (Kowalchuk et al., 2002). 
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Researchers have recently begun to investigate the potential application of this process 

for increasing the populations of specific, contaminant-remediating, microorganisms in 

the rhizosphere (Anderson et al., 1993; Haby and Crowley, 1996). 

The selection of specific microorganisms in the rhizosphere also has potential 

advantages for bioaugmentation. Specific rhizosphere-competent microorganisms that 

degrade a given contaminant can be added to soil along with a plant that supports the 

growth of these microorganisms. By using the plant-microorganism combination, the 

microorganism is added to soil along with a niche (the plant root) supporting its growth 

thus increasing the likelihood for the microorganisms' survival (Normander and 

Hendriksen, 2002). 

Siciliano and Germida (1998) have demonstrated the potential of plant-microbial 

associations for bioaugmentation of contaminated soil. The researchers inoculated the 

seed of Dahurian wild rye with Pseudomonas aeruginosa R75 and Pseudomonas 

savastanoi CB35, which had previously been shown to enhance phytoremediation 

(Siciliano and Germida, 1997). The researchers placed the inoculated seed into soil 

contaminated with 800 |j,g 3-CB/g. After 28 d of incubation, the plant-bacterial 

association in the inoculated planted soil had reduced the 3-CB level to 149 |J,g 3-CB/g as 

compared to 583, 568, and 450 ).ig 3-CB/g remaining in the non-inoculated control soil, 

inoculated control soil, and non-inoculated planted soil, respectively. The researchers 

also tested different plant-bacterial combinations with some plants even inhibiting 

bacterial degradation of 3-CB indicating the need for careful selection of the plant-

bacterial combination to be used for remediation. Siciliano and Greer (2000) found 
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similar results for 2,4,6-trinitrotoluene (TNT) degradation by meadow bromegrass 

inoculated with the TNT-degrader Pseudomonas sp. Strain 14. 

Likewise, Yee et al. (1998) engineered a recombinant, root-colonizing Pseudomonas 

fluorescens strain that enhanced TCE remediation. The engineered strain constitutively 

expressed the enzyme toluene or^/zo-monooxygenase from Burkholderia cepacia PRhsc-

The researchers first isolated a recombinant P. fluorescens strain that colonized wheat as 

well as the wild-type strain, and then used it for subsequent studies. Wheat colonized 

with the recombinant P. fluorescens removed 63 % of the TCE within 4 d compared to 4, 

9, and 13 % removal in sterile soil, non-inoculated planted soil, and planted soil 

inoculated with wild-type P. fluorescens, respectively. 

Other researchers have investigated the use of fungi for plant-associated 

bioaugmentation. Meharg and Caimey (2000) reported that 33 out of 42 tested species of 

ectomycorrhizas (ECM) degraded one or more types of chemicals. Degraded compounds 

included PCBs and polycyclic aromatic hydrocarbons (Donnelly and Fletcher, 1994; 

Gramss et al., 1999). Meharg et al. (1997) demonstrated that the tree Pinus sylvestris 

mineralized over three times as much 2,4-dichlorophenol, within 13 d, when inoculated 

with the ectomycorrhizae Suillus variegatus as compared to uninoculated trees. 

Additionally, there is evidence that contaminants including 3-chlorobenzoate are taken-

up by mycorrhizal plants and translocated to the plant shoots (Dittman et al., 2002). It is 

unclear if arbuscular mycorrhiza have the same phytoremediation potential as do the 

ectomycorrhiza (Olexa et al., 2000). 
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B. Potential Application of Designer Rhizospheres to Bioaugmentation 

Recent advances in the knowledge of how microorganisms communicate with 

each other and with plants may enable construction of plants that are even more selective 

for certain microorganisms in the rhizosphere (Pierson, 2000; Savka et al, 2002). Many 

different bacteria communicate via chemical signals including amino acids or short 

peptides (Gram-positive bacteria) and fatty acid derivatives (Gram-negative 

bacteria)(Whitehead et al., 2001). Communication by Gram-negative bacteria via N-

acyl-homoserine lactones (AHL) is one of the most characterized systems. A detailed 

description of this system is beyond the scope of this review, but briefly, AHL is 

produced by bacteria at low levels when cell densities are low. When cell numbers 

increase sufficiently, enough AHL is produced by the community to interact with a 

transcriptional regulator. The AHL-regulator complex can then bind to target promoter 

sequences thus initiating gene transcription (Loh et al., 2002). This communication 

system allows the microorganisms to orchestrate a concerted response to a stimulus. 

Many different microorganisms also interact either positively or negatively due to cross-

communication from the various chemical signals including AHLs (Steidle et al., 2001; 

Whitehead et al., 2001). Additionally, it has been shown that some plants produce 

chemicals that can mimic the bacterial signals (Mae et al., 2001; Teplitski et al., 2000). 

Fray et al. (1999) demonstrated that plants could communicate with bacteria if 

engineered with AHL genes. The researchers introduced the genes for the AHL, N-(3-

oxohexanoyl)-L-homoserine lactone (OHHL), that enables Erwinia carotovora to infect 

plants and for the AHL, A'-hexanoylhomoserine lactone (HHL), that contributes to 
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antifungal activity of the biocontrol agent Pseudomonas aureofaciens 30-84 into a 

tobacco plant. The transgenic plants produced both AHLs. Plant-generated AHLs 

restored the ability of an OHHL-deficient E. carotovora to infect tobacco and partially 

restored the ability of a HHL-deficient P. aureofaciens 30-84 to inhibit fungal growth. 

Similarly, Savka and Farrand (1997) used an opine-based system to generate a biased 

rhizosphere. It has been documented for years that opines play a role in Agrohacterium-

plant interactions (Bevan and Chilton, 1982). The researchers inoculated a transgenic 

plant producing an opine with Pseudomonas strains that either could or could not 

metabolize the opine. The opine-metabolizing strain was preferentially selected in the 

rhizosphere achieving a population 2 to 3 times that of the non-opine-metabolizing strain. 

Most of this research on the construction of designer rhizospheres has focused on 

agricultural applications such as plant protection or plant growth promotion, but there is 

clearly great potential for the application of this technology to the remediation of 

contaminated soils with specific plant-microbial combinations. 

V. Genetically Engineered Microorganisms (GEMs) 

A. Enhancement of Contaminant Degradation Genes 

In the previous sections, we have discussed different approaches for the addition 

of microorganisms to a contaminated site. It is also possible to increase the remediation 

potential of microorganisms through genetic engineering prior to their use for 

bioaugmentation. Recent advances in molecular biology have enabled numerous 

technologies for engineering or enhancing remediation genes. To date, the envirotmiental 

release of genetically engineered microorganisms (GEM) has mostly been for agricultural 
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purposes, but at least one bioremediation release has occurred (Amarger, 2002; Ripp et 

al., 2000). A thorough discussion of all the technologies to generate GEMs is beyond the 

scope of this review, but we present a concise description of two major methods to 

engineer remediation genes: 1) gene introduction; and 2) gene alteration (Glick and 

Pasternak, 1998). 

1. Gene Introduction 

Specific remediation genes can be introduced into plasmids or the chromosome of 

the target microorganism (Glick and Pasternak, 1998; Schweizer, 2001). The most 

straight-forward way to increase the genetic content of a microorganism is to add a 

plasmid containing the desired gene. This transfer can be accomplished with naturally 

occurring plasmids, if they are transmissible, by mating a donor microorganism with a 

target microorganism (Newby et al., 2000b; Springael et al., 1993). This process does 

not involve any recombinant DNA techniques and commonly occurs in nature (Newby et 

al., 2000b). When an appropriate naturally-occurring plasmid is not available, it may be 

necessary to clone the gene into a broad-host-range plasmid which is then added to the 

donor microorganism either through conjugation or transformation (Graupner and 

Wackernagel, 2000; Lehrbach et al., 1984). 

It may be desirable to incorporate the gene into the host chromosome in order to 

reduce the potential for transfer of the gene to other microorganisms in the environment. 

The mini-Tn5 transposon system is commonly used to insert genes into Gram-negative 

bacteria (de Lorenzo et al., 1990; Herrero et al., 1990). A system based on Tn5 is even 

commercially available (Epicentre, Madison, WI). The original mini-Tn5 transposon 
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system is constructed as a plasmid with a selectable marker (such as antibiotic 

resistance), suicide function for counter-selection, and a multiple cloning site for 

insertion of foreign DNA via recombinant DNA techniques (Sambrook and Russell, 

2001). Once the recombinant plasmid is added to the target organism, the transposon 

containing the added gene incorporates into the chromosome of a portion of the target 

bacteria. These GEMs are then selected for based on the incorporated phenotypic trait. 

The disadvantages of the mini-Tn5 system are that 1) it incorporates randomly into the 

host chromosome, possibly inactivating vital genes; and 2) it contains antibiotic 

resistance genes which may ultimately hinder the envirormiental release of constructed 

GEMs (Schweizer, 2001). Different systems have been developed that eliminate some of 

these problems. Koch et al. (2001) developed a Tn7-based system that incorporates at a 

specific chromosomal site in Gram-negative bacteria. Hoang et al. (2000) constructed a 

system based on a phage attachment site that enables site-specific integration in 

Pseudomonas aeruginosa (and possibly other Pseudomonas spp.) and also allows 

removal of antibiotic resistance genes in vivo. 

2. Gene Alteration 

It is also possible to alter selected genes for optimal activity under different 

environmental conditions (Glick and Pasternak, 1998). While gene alteration has been 

applied more often for industrial or agricultural applications, it can also be useful for 

bioremediation processes (Morrisey et al., 2002). Traditionally, the gene of interest is 

first cloned into a vector for maintenance in a laboratory organism, such as E. coli, that is 

more amenable to laboratory growth and manipulation (Sambrook and Russell, 2001). 
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The factors that can be altered in order to increase gene expression include: 1) 

transcriptional promoter and terminator sequences; 2) number of copies of the gene in the 

host organism; and 3) stability of the cloned gene protein (Glick and Pasternak, 1998). 

The gene is then altered and ultimately re-introduced into the desired microorganisms as 

discussed in the previous section. 

The approach above is very useful for alteration of genes that will ultimately be 

used in laboratory or industrial microbial strains. However, genes that are optimized in 

laboratory strains may not function at the same level when the altered microbe is re

introduced into the environment. Ohtsubo et al. (2003) used an in situ, homologous 

recombination approach to increase the activity of biphenyl-degradative genes in 

Pseudomonas sp. KKS102. The researchers replaced the native biphenyl promoter in 

Pseudomonas sp. KKS102 with several different constitutive promoters in situ via 

homologous recombination. All of the constitutive promoters resulted in increased 

biphenyl degradation and decreased catabolite repression of the biphenyl pathway. This 

strategy could be applied to genes in other bacterial strains, if they are amenable to 

homologous recombination, even without detailed knowledge of the gene's regulation. 

B. Reporter Genes to Monitor the Activity and Survival of GEMs 

One major advance that was enabled by genetic engineering is the development of 

reporter genes. The use of reporter genes for environmental research has increased 

greatly in recent years as evidenced by several recent reviews discussing the topic 

(Kohler et al., 2000; Leveau and Lindow, 2002; Molin and Givskov, 1999; Rosochacki 

and Matejczyk, 2002; and Sayler et al., 2001). For bioaugmentation specifically, reporter 
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genes can allow for more sensitive monitoring of the presence and activity of introduced 

microorganisms. Several different reporter genes have been developed (Kohler et al., 

2000; Steinberg et al., 1995), but the bacterial luciferase {lux) and jellyfish green 

fluorescent protein {gfp) genes are currently the most widely used for environmental 

applications. Both the lux and gfp genes can emit signals without addition of an external 

substrate - in contrast to many early reporter genes that required addition of an 

exogenous substrate for detection. Expression of the Im genes results is light emission, 

while expression of the gfp gene produces a fluorescent protein (GFP). A major 

distinction between the potential applications for the two reporters is due to their 

persistence once expressed. Luminescence from the lux genes is short-lived making it 

suitable for real-time detection of gene expression, while fluorescence from GFP persists 

longer making it more applicable to the detection of cumulative gene expression or the 

presence of whole microorganisms (Burlage, 1997). 

Microorganisms containing lux and/or gfp have been added to contaminated soils 

for the purposes of remediation or assessment of contaminant bioavailability. In the first 

field release in the United States of a genetically engineered microorganism for 

bioremediation, Ripp et al. (2000) added Pseudomonas fluorescens HK44, containing lux 

genes fused with the naphthalene degradative pathway, into soil contaminated with 

naphthalene, anthracene, and phenanthrene. The engineered microorganism successfully 

provided real-time data on naphthalene bioavailability and degradation based on 

luminescence as detected by fiber optic/photon multiplier tube techniques. Additionally, 

over 10 CFU of P. fluorescens HK44/g soil remained even after 660 d of incubation, 
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indicating the potential for long-term survival of GEMs after release into the 

environment. 

Historically, gfp has often been used to detect the survival of GEMs added to soil 

(Bastos et al., 2001; Dandie et al., 2001). The GFP-containing cells can be detected by 

epifluorescence microscopy or by visualization of cultured bacteria on plates with long

wave UV or black light (Bastos et al., 2001; Unge et al., 1999). The g^-tagged cells can 

also be used to detect gene expression (Casavant et al., 2003; Holden et al., 2002). The 

gfp gene has found particular use in dual-labeling applications with other reporter genes. 

By using dual labels, it is possible to concurrently measure: 1) survival and activity of an 

introduced organism; or 2) dynamics of multiple different introduced organisms. Unge et 

al. (1999) integrated gfp and luxAB genes under the control of a strong constitutive 

promoter into the chromosome of Pseudomonas fluorescens SBW25. Expression of 

luminescence varied with metabolic activity of the cells, since it required reducing 

equivalents to be activated, while production of GFP was independent of the cells' 

metabolic status. The authors were able to determine that tagged cells survived at high 

levels when added to soil, but the cells' metabolic activity decreased as nutrients became 

limiting. Elvang et al. (2001) found similar results by incorporating the GFP {gfp) or 

firefly luciferase Que) genes into the chromosome of the 4-chlorophenol degrader 

Arthrobacter chlorophenolicus A6. A culture containing both the /wc-tagged A. 

chlorophenolicus A6 and g^-tagged A. chlorophenolicus A6 were added to 4-

chlorophenol contaminated soil. The authors were unable to get both gfp and luc to be 

expressed in A. chlorophenolicus A6 containing both of the genes in contrast to the 
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results for P. fluorescens SBW25 (Unge et al., 1999). Bloemberg et al. (2000) was able 

to visualize the dynamics of up to three different populations of P. fluorescens in the 

rhizosphere by using different reporter genes. The researchers added mixed cultures of 

P. fluorescens, each containing genes for one of four different fluorescent proteins, to the 

rhizosphere. The bacterial community dynamics were monitored with confocal laser 

scarming microscopy. 

Reporter genes can be instrumental in bioaugmentation research and even in real-

world applications as evidenced by research detailed above. However, care should be 

taken when conducting experiments using reporter genes and also during data 

interpretation. Even small fluctuations in environmental conditions can exert a large 

impact on the activity of some reporter genes (Neilson et al., 1999). For example, Dorn 

et al. (2003) found that variations as low as a 1°C change in temperature, 0.2 change in 

pH, or 1 order of magnitude change in initial cell number could alter lux expression by 

Pseudomonasputida RBI353 during metabolism of salicylate and naphthalene. The 

authors concluded that their research confirmed the potential of /wx-based systems for 

controlled laboratory experiments, but that interpretation of lux data from complex field 

environments would be difficult. Leveau and Lindow (2002) had similar conclusions 

regarding interpretation of reporter gene data and stated: ". ..in microbial ecology, this 

responsibility [determining what the data truly indicates] lies not with the bioreporter but 

with the microbial ecologist, whose greatest challenge is to translate bioreporter data into 

a meaningful account of the microbe's biology and its perception of the world." 
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C. Control of GEMs Released into the Environment 

Even though GEMs with significant remediation capabilities can be constructed, 

it is difficult to obtain regulatory approval for their ultimate release into the environment. 

In fact, as of the year 2000, only one field release of a GEM for bioremediation had 

occurred in the United States (Sayler and Ripp, 2000). The concern is regarding the 

potential for GEMs to persist at a site, post-bioremediation, and/or for engineered genes 

in GEMs to be transferred to indigenous organisms resulting in unforeseeable 

consequences (Atlas, 1992; Molin, 1993). The risk of gene transfer may be reduced by 

incorporating the engineered genes into the microbial chromosome instead of a plasmid, 

but it cannot be totally eliminated due to mobilization of chromosomal DNA by various 

naturally-occurring processes (Reusing et al., 2002). 

The most commonly studied approach for control of GEM survival in the 

environment is the incorporation of an inducible suicide gene into the microorganism. 

The suicide gene is activated when the target contaminant is eliminated, and there is 

therefore no more need for the presence of the GEM. Several different suicide genes 

have been studied including: those encoding DNases and RNases (Ahrenholtz et al, 

1994); bacteriophage lysis genes (Kloos et al., 1994; Ronchel et al., 1998); agents that 

block essential metabolic enzymes (Kaplan et al., 1999; Szafranski et al., 1997); and cell 

membrane destabilizing genes (Bej et al., 1988; Contreras et al., 1991; Gotfredsen and 

Gerdes, 1998; Jensen et al., 1993; Knudsen et al., 1995; Molina et al., 1998; Poulsen et 

al., 1989; Ronchel et al., 1995). 
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One of the early conditional-suicide systems was developed by Contreras et al. 

(1991). This elegant system was based on two elements contained on separate plasmids: 

1) a fusion between the Pseudomonas putida promoter Pm, from the TOL plasmid meta-

cleavage pathway, and the gene for the Lac repressor (lacl) from E. coli along with the 

gene for positive regulation of Pm (xylS); and 2) a fusion between the Ptac promoter and 

the gef gene from E. coli that produces a porin-like protein that can kill the host by 

destabilizing the cell membrane (Fig. 3). When XylS effectors, such as 3-

methylbenzoate (3MB), are present, XylS is produced and positively regulates production 

of the Lac repressor resulting in negative regulation of the Ptac promoter and thus no Gef 

production. In contrast, when the effector (3MB) is not present as would be the case 

when bioremediation is complete, the Lac repressor is not produced allowing 

transcription of the gef gene and activity of the killing function. The system killed the 

vast majority of the host microorganisms in the absence of the appropriate effector 

compound, but the survival frequency was in the range of 10"^ to 10"^ per cell in a 

generation. The system was later improved by incorporating the kill gene cassette into 

the host chromosome via a mini-TnJ transposon (Jensen et al., 1993). The presence of 

two copies of the kill cassette on a bacterium's chromosome reduced the rate of kill-

resistant mutants to as low as 10"^ per cell in a generation. A likely cause of mutations in 

this kill system is the leaky repression of Ptac by the Lac repressor. This would result in 

small, constitutive levels of Gef production which would serve as positive selection 

pressure for kill-resistant mutants. Szafranski et al. (1997) achieved approximately the 

7 o 
same frequency of kill-resistant mutant formation (10' to 10" per cell in a generation) 



with a plasmid system based on the above model by including a dual control mechanism 

that reduced leaky expression of the kill gene. It may be possible to further decrease the 

rate of kill-resistant mutant formation by using multiple suicide systems with independent 

regulation systems in a given organism (Knudsen et al., 1995). Ronchel and Ramos 

(2001) improved killing by the ge/-based system, initially devised by Contreras et al. 

(1991), by using a t^asd mutant host strain that had the asd gene (which produces an 

intermediate in the biosynthesis of amino acids including lysine and methionine) inserted 

under the control of the Pm promoter. The engineered strain would only grow on 

complex media or in the presence of compounds such as 3-methylbenzoate that induce Pm 

transcription. By using this dual containment system, the researchers found that the 

number of bacteria that escaped killing after release into the environment was below the 

limit of detection (< 10^ mutants/cell in a generation). 

Additionally, bacteriophages may be useful for containment of GEMs. Smit et al. 

(1996) added P. fluorescens R2f encapsulated in alginate to soil along with phage OR2f 

The phage did not impact bacterial numbers in the alginate, but it decreased the number 

of P. fluorescens R2f that developed outside of the alginate matrix by a factor of up to 

10 . This level of control is not as high as that for the suicide genes, but it indicates the 

potential for combination of different methods to contain introduced GEMs. This study 

was also interesting since it combined use of an alginate carrier, which may be an 

effective method for GEM introduction into a harsh envirormient as previously discussed, 

along with control of the introduced organism. Despite the potential of these containment 

systems, it would be practically impossible, due to the fluid nature of microbial genomes. 
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to develop a suicide system where no GEMs survive at a site after bioremediation is 

complete, and where there is no potential for transfer of engineered genes to indigenous 

organisms. The decision to release a GEM into the environment is ultimately a 

regulatory decision based on the balance between the potential benefits of the release, and 

the risk that the GEM will persist in the environment or transfer its genes to the 

indigenous organisms. 

VI. Phytoaugmentation 

As mentioned in the phytoremediation section above, plants are often used to 

extract, filter, stabilize, degrade, and/or volatilize contaminants. However, the success of 

these processes often depends on microbial action to modify and/or degrade the 

contaminant. Since the appropriate microorganisms may not be present at a given site 

and may also be difficult to establish via bioaugmentation, researchers have investigated 

the insertion of microbial genes for remediation processes directly into plants (Bizily et 

al., 2000; Dhankher et al., 2002; French et al., 1999; Gisbert et al., 2003; Gleba et al., 

1999; Hooker and Skeen, 1999; Shimizu et al., 2002; Thomas et al., 2003). 

Phytoaugmentation is a term used to describe the addition of remediation genes to a site 

via an engineered plant that contains the microbial genes. By incorporation of these 

genes into plants, it is also easier to control the persistence and spread of genes 

introduced into the environment than via an analogous GEM. In fact, several genetically 

engineered plants, including those engineered with herbicide- or insect-resistance genes, 

are commonly used in production agriculture (Kota et al., 1999; Perlak et al., 2001; Sidhu 

et al., 2000). 
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The most common approaches for applying this technology to remediation are to 

incorporate genes for metal binding/transforming proteins, or for organic degradation into 

the plant. Dhankher et al. (2002) engineered Arabidopsis thaliana with the bacterial 

genes for arsenic reductase (arsC) and y-glutamylcysteine synthetase (y-ECS). Arsenate 

can potentially be taken-up from soil by plants in conjunction with phosphate (Meharg 

and Macnair, 1992). The theory behind the constructed system was that more arsenic 

could be accumulated by the plant if the arsenate taken-up by the plant was transformed 

into arsenite, which could be sequestered by thiol groups such as y-glutamylcysteine. In 

fact, A. thaliana containing both the genes for arsenic reductase and y-glutamylcysteine 

synthetase accumulated 2 to 3 times more arsenic than did wild type plants or the plants 

engineered with only arsenic reductase or y-glutamylcysteine synthetase. Interestingly, 

the project also demonstrated the need to select the promoter carefully when adding 

microbial genes to plants. The researchers put the arsenic reductase gene under the 

control of the soybean rubisco promoter which is induced by light. The arsenic reductase 

gene was therefore expressed in aboveground tissues which allowed the arsenate to be 

translocated to aboveground portions before it was transformed to arsenite and 

sequestered. For phytoremediation applications, this would allow the arsenic to be 

removed from the site by harvesting the aboveground plant material. Similar results have 

observed by other researchers for methylmercury detoxification, and copper and lead 

accumulation (Bizily et al., 1999 & 2000; Gisbert et al., 2003; Thomas et al., 2003). 

Plants have also been engineered with microbial genes for the metabolism of 

organic pollutants. Shimizu et al. (2002) introduced the chlorocatehol dioxygenase gene 
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(cbnA) from Ralstonia eutropha NH9 into rice plants (Ogawa and Miyashita, 1995). The 

gene was cloned under the control of an enhanced cauliflower mosaic virus promoter. 

Whole calluses of the transgenic rice transformed 3-chlorocatechol to 2-chloromuconate. 

The chlorocatechol dioxygenase was expressed well in aboveground portions of the plant, 

but expressed weakly in the roots. Accordingly, 3-chlorocatechol was converted by leaf 

tissues but not roots. The authors surmised that chlorocatechol dioxygenase activity 

could have been increased in the roots if they had used a root-specific promoter. 

Researchers have also engineered plants for the remediation of other organic pollutants 

including glycerol trinitrate and trinitrotoluene (TNT)(French et al., 1999). 

Even if the remediation genes are integrated into plants, there is still a risk that the 

genes may escape to other organisms following environmental release of the transgenic 

plants (Droge et al., 1998). Kay et al. (2002) demonstrated that transfer of antibiotic 

resistance genes in transgenic tobacco to Acinetobacter sp. strain BD413 could occur if 

the transgene contained sequences homologous to those in the Acinetobacter sp. No gene 

transfer was detected for a transgene without sequences homologous to Acinetobacter sp., 

but the results also indicated the potential for escape of engineered genes released into the 

envirormient. 

VII. Bioaugmentation Impact on Indigenous Microorganisms 

Since the primary focus of bioaugmentation is to enhance contaminant 

remediation, the resulting impact of bioaugmentation on indigenous microbial 

populations is often overlooked. Additionally, the impact of bioaugmentation on 

microbial communities in contaminated sites is probably secondary to that imposed by 
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the presence of the contaminant, but it is worthwhile to consider these bioaugmentation 

effects especially when using genetically-modified organisms. 

Addition of intact microorganisms to soil can potentially result in establishment 

of new microbial populations, shifts in microbial populations, and/or transfer of genetic 

material to indigenous microorganisms. Jemberg and Jansson (2002) investigated the 

impact that 4-chlorophenol contamination and/or inoculation with the 4-chlorophenol-

degrader Arthrobacter chlorophenolicus A6L had on the structure of the soil bacterial 

community. The authors used terminal restriction fragment length polymorphism (T-

RFLP) analysis to generate fingerprints of the bacterial communities. Some populations 

increased following addition of A. chlorophenolicus A6L or 4-chlorophenol and some 

populations decreased. It is difficult to determine whether addition of the inoculant only, 

or the contaminant only, had the greater impact since 25 and 27 T-RPLPs were 

significantly changed in the respective treatments relative to the control soil. When the 

inoculant and contaminant were added together, 41 T-RFLPs were significantly changed. 

Most of the populations reacted to the combined addition in a similar manner to that of 

the individual addition of the inoculant or contaminant, but some reacted differently, 

indicating a greater impact by either the inoculant or contaminant. Other researchers 

have found that addition of an inoculant can reduce the negative impact a contaminant 

has on indigenous microbial populations (Gentry et al., 2001). Inoculation of plant roots 

can also impact rhizosphere community diversity, but the effect is probably less than that 

of the plant species and soil used (Miethling et al., 2000; Schwieger and Tebbe, 2000; 

Siciliano and Germida, 1998b). 



48 

Genes can be transferred from introduced organisms to indigenous 

microorganisms even when that is not the original goal. Thiem et al. (1994) added the 3-

chlorobenzoate degrader Pseudomonas sp. B13 to an aquifer. Over 14 months later, the 

researchers isolated a novel 3-chlorobenzoate-degrading bacterium from the site. It was 

later confirmed that the 3-chlorobenzoate-degrading genes in the novel bacterium were 

identical to those in the Pseudomonas sp. B13 inoculant, but the method by which the 

genes were transferred was not determined (Zhou and Tiedje, 1995). A genetically-

modified Sinorhizobium meliloti was found to survive in soil at least six years after a 

field release, and transfer of its plasmid to other bacteria was detected even though the 

plasmid was not self-transmissible (Morrissey et al., 2002). These results indicate the 

risk for escape of engineered genes to indigenous microorganisms if appropriate cautions 

are not taken. 

Even if engineered microbial genes are incorporated into plants in order to reduce 

the risk for their escape, addition of the genes to the site via phytoaugmentation can alter 

the soil microbial community. Germida's lab conducted extensive field tests on 

genetically engineered canola (Dunfield and Germida, 2001; Misko and Germida, 2002; 

Siciliano and Germida, 1999). The rhizosphere and root interior microbial communities 

were different for a cultivar engineered with glyphosate-resistance genes compared to the 

cultivar from which it was derived, based on fatty acid methyl ester and community level 

physiological profiles. The authors hypothesized that the differences may have been due 

to altered root exudation patterns in the engineered plant. 
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The research indicates that bioaugmentation with a microbial culture can affect 

the composition of the indigenous microbial community. However, it is uncertain if the 

effects are long-term or just short-lived. Additionally, whether the changes are positive 

or negative may depend on the individual microorganism affected. The greater risk is 

probably from escape of engineered genes to indigenous microorganisms with 

unforeseeable results. 

VIII. Field-Scale Bioaugmentation Studies 

The majority of bioaugmentation research, including most of what we have 

discussed thus far in this review, has occurred as laboratory-scale experiments using 

small quantities of soil (often < 1 kg). It is more difficult to conduct bioaugmentation 

research in the field due to spatial heterogeneity in the environment along with the 

variability of contaminant concentrations throughout the site. One method researchers 

have used to better simulate actual field conditions is to conduct "intermediate field 

scale" experiments (Lamar and Dietrich, 1990; Lamar et al., 1994; Newby et al., 2000a; 

Roane et al., 2001). For this method, researchers use large quantities (many kg) of soil 

and conduct the experiment under actual field conditions - fluctuating temperature, etc. 

The soil is typically excavated and/or mixed prior to the beginning of the experiment thus 

reducing the heterogeneity between different samples. For instance, Lamar et al. (1994) 

excavated 183 m of PCP- and creosote-contaminated soil from a pole-treatment facility. 

The soil was passed through an 8-cm screen and then split into 5 m piles. If necessary, 

the soil was mixed with clean soil to achieve a target PCP concentration of 700 mg/kg. 

Selected plots were then bioaugmented with the fungus Phanerochaete sordida. After 20 
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wk, significantly less of the original PCP was recovered in the bioaugmented soil (36 %) 

as compared to the control soil (82 %). The authors also found that bioaugmentation 

tended to increase the degradation of 4-ring polycyclic aromatic hydrocarbons (PAHs), 

but tended to inhibit the degradation of 3-ring PAHs. Other studies have investigated the 

use of bioaugmentation for in situ aquifer remediation (Bourquin et al., 1997; Duba et al., 

1996; Dybas et al., 1997), but again these experiments are complicated by site 

heterogeneity. Additionally, the vast majority of the field-scale bioaugmentation 

experiments have only investigated the cell bioaugmentation approach and not alternate 

methods such as gene bioaugmentation (Newby et al., 2000a). 

IX. Conclusions 

There have been many advances in bioaugmentation research over the last few 

years that may ultimately translate into the enhanced remediation of pollutants at 

contaminated field sites. Cell bioaugmentation remains the most commonly used 

technique for adding a microbial inoculant to a contaminated site, but newer methods 

such as the use of immobilized microorganisms or activated soil may increase the success 

rate of this approach. Additionally, several other bioaugmentation approaches, including 

gene bioaugmentation, rhizosphere bioaugmentation, and phytoaugmentation, are 

currently in the developmental stages, and may greatly increase the utility of 

bioaugmentation for the remediation of contaminated sites. Microorganisms or plants 

that have been genetically altered to increase their remediation potential may also be 

applicable to bioaugmentation if concerns regarding the persistence and the transfer of 

engineered genes in the environment can be adequately addressed. Overall, these new 
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bioaugmentation approaches appear to have great potential for contaminant remediation, 

but continued research is needed, especially at the field-scale, in order to test and refine 

the developing technologies before widespread application on a commercial basis. 



Table 1. Selected research articles detailing the different approaches for use of bioaugmentation as a remediation technology. 

B ioaugmentation 
Approach Organism(s) Used Contaminant(s) Reference 

Cell 
Culture Comamonas testosteroni BR60 3 -Chlorobenzoate Gentry et al., 2001 

Ralstonia eutropha JMP134 & Cadmium & Roane et al., 2001 
Pseudomonas strain HI 2,4-Dichlorophenoxyacetic acid 

Immobilized Alcaligenes faecalis Phenol Bastos et al., 2001 
Mixed microbial culture 2,4-Dichlorophenol Quan et al., 2003 
Pseudomonas sp. UG14Lr Phenanthrene Weiretal., 1995 
Flavobacterium sp. & Pentachlorophenol Briglia et al., 1990 

Rhodococcus chlorophenolicus PCP-1 
Activated Soil Indigenous microorganisms Pentachlorophenol Barbeau et al., 1997 

Indigenous microorganisms Atrazine Runes et al., 2001 
Indigenous microorganisms 2-, 3", and 4-Chlorobenzoate Gentry et al., 2003 

Gene Ralstonia eutropha JMP134 2,4-Dichlorophenoxyacetic acid DiGiovanni et al., 1996 
Ralstonia eutropha JMP134 & 2,4-Dichlorophenoxyacetic acid Newby et al., 2000a 

E. coZ/Dl I  
Comamonas sp. rN7(R503) Phenol Watanabe et al., 2002 
Pseudomonas putida UWC3 2,4-Dichlorophenoxyacetic acid Dejonghe et al., 2000 

Rhizosphere Pinus sylvestris & Suillus variegatus 2,4-Dichlorophenol Meharg et al., 1997 
Triticum aestivum & Pseudomonas fuorescens Trichloroethylene Yee et al., 1998 
Elymus dauricus & Pseudomonas spp. 2-Chlorobenzoate Siciliano and Germida, 1997 
Bromus erectus Huds. & 2,4,6-Trinitrotoluene Siciliano and Greer, 2000 

Pseudomonas sp. Strain 14 
Phytoaugmentation Oryza sativa 3-Chlorocatechol Shimizu et al., 2002 

Arabidopsis thaliana Methylmercury Bizily et al., 2000 
Arabidopsis thaliana Arsenic Dhankher et al., 2002 
Nicotiana glauca Lead Gisbert et al., 2003 
Nicotiana tabacum Copper Thomas et al., 2003 
Nicotiana tabacum Trinitrotoluene French et al., 1999 

to 
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Figure 1. Overview of selected degradation pathways for 2-
chlorobenzoate (Tsoi et al, 1999), 3-chlorobenzoate (Nakatsu et al., 
1997), and 4-chlorobenzoate (Dunaway-Mariano and Babbitt, 1994). 
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Figure 2. Overview of different technologies for delivering remediation genes to contaminated sites. 
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Figure 3. Conditional suicide system devised by Contreras et al. (1991) for 
control of genetically engineered microorganisms released into the 
environment. (A) In the presence of the inducer contaminant, 3-
methylbenzoate (3-MB), production of the Lad repressor blocks Gef 
production. (B) When the contaminant is completely degraded, the Gef 
protein is produced resulting in cell death. Figure adapted from Contreras et 
al. (1991). 
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Dissertation Format 

This dissertation consists of a literature review followed by three manuscripts as 

appendices. Appendix A is published and described the use of bioaugmentation to 

enhance 3-CB degradation in soil along with the resulting impact on soil microbial 

community dynamics. Appendix B characterized both the response of similar pristine 

soils to 2-, 3-, and 4-CB contamination and also individual CB degraders isolated from 

the soils. Appendix C demonstrated the potential for bioaugmentation with activated soil 

to increase CB remediation. Appendices B and C are formatted for publication in 

Microbial Ecology and Biodegradation, respectively. All experiments were primarily 

designed, conducted, and analyzed by myself Several co-authors contributed to the three 

projects. Karen Josephson provided constructive discussion regarding the design and 

analysis of all three projects. Dr. Debbie Newby was instrumental in designing and 

conducting the first project. Dr. Chris Rensing provided insight and suggestions for the 

second project. Dr. Gejiao Wang also assisted with conducting and interpreting results in 

the second experiment. Discussions with Dr. Ian Pepper were critical to the design of all 

three projects, and Dr. Pepper provided invaluable assistance in the review of the three 

manuscripts. 
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CHAPTER 2 

Present Study 

The methods, results, and conclusions of three different studies are presented in the 

manuscripts attached to this dissertation. The following is a summary of the most 

important findings in these manuscripts. 

In the first manuscript, an experiment is described that investigated the use of 

bioaugmentation to increase CB degradation in soil. A soil was amended with either 500 

or 1000 iJ,g of 3-CB g"' and was either uninoculated or inoculated with a liquid culture of 

the 3-CB degrader Comamonas testosteroni BR60. Bioaugmentation increased CB 

degradation at both tested levels, but the impact was more pronounced in the 1000 |xg of 

3-CB g"^ microcosms due to inhibition of the indigenous 3-CB degraders. Several 

hundred indigenous 3-CB degraders were isolated from the uninoculated, 500 |ag of 3-CB 

g'^ microcosms and were identified as one of two unique Burkholderia spp. Additionally, 

bioaugmentation appeared to reduce the negative impact that chlorobenzoate 

contamination had on the indigenous microbial populations in the 1000 i^g of 3-CB g"' 

microcosms. 

The second manuscript details the characterization of CB degraders in two similar 

pristine soils. The Madera and Oversite soils were contaminated with 500 |j,g of 2-, 3-, or 

4-CB g"\ The Madera soil degraded 2- and 4-CB while the Oversite soil degraded 3- and 

4-CB. Several hundred degraders were isolated from the soils and grouped according to 

DNA fingerprints. Selected degraders were identified based on 16S rDNA sequences and 
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also screened for the presence of plasmids. The 2-CB degraders in the Madera soil were 

almost all identified as a single Burkholderia sp. In contrast, the 3- and 4-CB degraders 

from the Oversite soil were identified as numerous different microorganisms with 3-CB 

degraders primarily being Burkholderia spp. and the 4-CB degraders being a 

Bradyrhizobium sp. No 4-CB degraders were detected in the Madera soil even though it 

degraded 4-CB. Unlike the dominant 2- and 4-CB degraders, several of the 3-CB 

degraders contained plasmids. Further analyses revealed that the 2-CB genes were likely 

chromosomally encoded in the dominant Burkholderia sp. and that the 3-CB genes in 

many of the isolated Burkholderia spp. were likely plasmid-encoded. We were unable to 

determine if the 4-CB genes were encoded on the chromosome or plasmid in the 

Bradyrhizobium sp. The main finding of the study was that the populations of 2-, 3-, and 

4-CB degraders were diverse and differed between the two soils even though the soils 

developed under similar soil-forming conditions. 

The last manuscript details an experiment that also used the Madera and Oversite 

soils from the second experiment. The goal of this study was to investigate the potential 

for bioaugmentation with activated or potentially active soil to increase the remediation 

of contaminants. Activated soil by definition contains an active, indigenous degrader 

population that has been previously exposed to the contaminant. For this experiment, 

potentially active soil was defined as the same soil (as the activated soil) containing an 

indigenous degrader population but without previous exposure to the contaminant. 

Madera and Oversite soils were amended with 0 or 500 |xg of 2-, 3-, or 4-CB g"' soil. The 

Madera degraded 2-chlorobenzoate while the Oversite degraded 3- and 4-chlorobenzoate. 



After 22 days of incubation, non-active soils that had not degraded chlorobenzoate were 

bioaugmented with the appropriate activated soil that had been exposed to and previously 

degraded chlorobenzoate. Thus, Oversite soil that had not degraded 2-chlorobenzoate 

was bioaugmented with Madera soil that had degraded 2-chlorobenzoate. Likewise, 

Madera soil that had not degraded 3- or 4-chlorobenzoate was bioaugmented with the 

Oversite soil that had degraded 3- or 4-chlorobenzoate. Additionally, the non-active soils 

were bioaugmented with the corresponding potentially active soils (same soils as the 

activated soils but without pre-exposure to chlorobenzoate). For each 2-, 3-, and 4-CB, 

bioaugmentation increased degradation. In contrast, bioaugmentation with potentially 

active soil did not increase either 2-, 3-, or 4-CB degradation. However, bioaugmentation 

with potentially active soil may have shown an effect if the study had been conducted for 

a longer duration. Large numbers of degraders were detected in microcosms 

bioaugmented with activated soil and were identified as being primarily the same 

degraders that were detected in the original activated soil inoculant. The results indicate 

the potential for bioaugmentation with activated soil to enhance contaminant degradation. 
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Abstract 

Changes in microbial populations were evaluated following inoculation of 

contaminated soil with a 3-chlorobenzoate degrader. Madera sandy loam was amended 

with 0, 500, or 1000 )xg 3-chlorobenzoate g"' dry soil. Selected microcosms were 

inoculated with the degrader Comamonas testosteroni BR60. Culturable bacterial 

degraders were enumerated on minimal salts media containing 3-chlorobenzoate. 

Culturable heterotrophic bacteria were enumerated on R2A. Isolated degraders were 

grouped by enterobacterial repetitive intergenic consensus sequence-polymerase chain 

reaction fingerprints and identified based on 16S ribosomal-DNA sequences. 

Bioaugmentation increased the rate of degradation at both levels of 3-chlorobenzoate. In 

both the 500 and 1000 |ig 3-chlorobenzoate g'^ dry soil inoculated microcosms, degraders 

increased from the initial inoculum and decreased following degradation of 3-CB. 

Inoculation delayed the development of indigenous 3-chlorobenzoate degrading 

populations. It is unclear if inoculation altered the composition of indigenous degrader 

populations. In the uninoculated soil, degraders increased from undetectable levels to 6.6 

X lO' colony-forming-units g"' dry soil in the 500 |ag 3-chlorobenzoate g"^ dry soil 

microcosms, but none were detected in the 1000 |xg 3-chlorobenzoate g"' dry soil 

microcosms. Degraders isolated from uninoculated soil were identified as one of two 

distinct Burkholderia species. In the uninoculated soil, numbers of culturable 

heterotrophic bacteria initially decreased following addition of 1000 i^g 3-chlorobenzoate 

g'^ dry soil. Inoculation with C. testosteroni reduced this negative impact on culturable 

bacterial numbers. The results indicate that bioaugmentation may not only increase the 
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rate of 3-chlorobenzoate degradation but also reduce the deleterious effects of 3-

chlorbenzoate on indigenous soil microbial populations. 

I. Introduction 

Contaminant-degrading microorganisms are sometimes added to polluted field 

sites in an attempt to enhance in situ bioremediation via bioaugmentation. Unfortunately, 

introduced degraders often do not survive in contaminated soil, and thus fail to increase 

degradation. Several studies have investigated the potential for bioaugmentation with 

contaminant-degrading microorganisms to enhance the remediation of soil pollutants. 

Numerous factors including nutrient limitations, predation, pH, and other environmental 

stresses are known to impact the ultimate success or failure of bioaugmentation as a 

remediation technology (Alexander 1999). Interaction and competition with indigenous 

soil microorganisms is believed to be another major determinant of an inoculant's 

ultimate fate; however, relatively little information is known about the changes in 

indigenous microbial populations following bioaugmentation. 

A laboratory study was designed to determine the dynamics of bacterial 

populations in contaminated soil resulting from addition of exogenous contaminant 

degraders. The compound 3-chlorobenzoate (3-CB) was selected as the model 

contaminant. Chlorobenzoates are common soil contaminants resulting from microbial 

cometabolism of polychlorinated biphenyls (Barriault & Sylvestre 1993). Degraders of 

3-CB appear to be relatively widespread and diverse even in soils with no known 

exposure to 3-CB. Fulthorpe et al. (1998) successfully isolated 3-CB degraders from 

pristine ecosystems on five continents. In addition to being widely distributed, the 3-CB 
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degraders were diverse, consisting of 48 different genotypes that tended to be unique to 

the site from which they were isolated. 

Several 3-CB degraders have been isolated and extensively studied (Don et al. 

1985; Ogawa & Miyashita 1995; Krooneman et al. 2000). Specifically, the 3-CB 

degrader Alcaligenes sp. BR60 (later renamed Comamonas testosteroni BR60 based on 

16S sequence analysis) was isolated by Wyndham et al. (1988) from surface runoff 

waters near an industrial landfill. C. testosteroni BR60 was found to degrade 3-CB via 

the protocatechuate pathway encoded on a transposon contained on the 85 kb plasmid, 

pBRC60 (Nakatsu et al. 1997). Comamonas testosteroni BR60 has also been shown to 

degrade various other chlorine and methyl-substituted benzoates. 

Laboratory studies have indicated the potential of C. testosteroni BR60 for 

bioaugmentation. Fulthorpe and Wyndham (1992) introduced C. testosteroni BR60 into 

lake water and sediment flow-through microcosms. The microcosms were exposed to 

various contaminants including 3-CB. The C. testosteroni BR60 inoculant initially 

survived better in 3-CB-contaminated microcosms as compared to un-contaminated 

microcosms. After 69 d, C. testosteroni BR60 was no longer detectable, but high 

populations of other 3-CB degraders became dominant. The plasmid pBRC60, 

containing the 3-CB catabolic transposon Tn5271, was transferred from the inoculant to 

indigenous bacteria, resulting in three phenotypically distinct clusters of 3-CB degraders. 

Rates of 3-CB uptake and respiration were correlated with numbers of Tn5271-

containing bacteria. Likewise, Siciliano and Germida (1998) examined the potential for 

plant-bacterial associations including C. testosteroni BR60 to enhance the degradation of 



various chlorinated benzoic acids. Inoculation with C. testosteroni BR60 resulted in the 

death of most of the tested plants and failed to increase 3-CB degradation. However, 

when 3-CB was inoculated in the absence of a plant, C. testosteroni BR60 increased 3-

CB degradation, reducing 3-CB levels to 74 % of the control. 

The specific objectives of this experiment were: 1) to assess the effects of C. 

testosteroni BR60 on the removal of 3-CB at two levels of contamination, 2) to determine 

the impact of C. testosteroni BR60 on both the development of indigenous degrader 

populations and adaptation of heterotrophic bacteria following amendment with 3-CB, 

and 3) to isolate and characterize indigenous degraders. 

II. Materials and methods 

A. Soil 

Soil was collected from the surface horizon of a pristine, forested site in the 

Madera Canyon Recreational Area of the Coronado National Forest near Tucson, AZ. 

The soil was a sandy loam with a pH of 6.5 and organic matter content of 3.3%. Field-

moist soil was passed through a 2-mm sieve and 100 g dry weight equivalent added to 

polypropylene jars. Sterile deionized water was added to bring the soil from the collected 

water content of 5.4 % to 14.0 % (w/w). Microcosms were incubated for 14 d at room 

temperature to allow for acclimation of indigenous microorganisms prior to imposing 

treatments. 
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B. Treatments and experimental design 

A stock solution was prepared from 3-CB (99%)(Sigma Chemical Co. Inc., St. 

Louis, MO) similar to the method described by Di Giovanni et al. (1996) for 2,4-

dichlorophenoxyacetic acid (2,4-D). Microcosms were amended with 0, 500, or 1000 |ag 

3-CB g"^ dry soil. Comamonas testosteroni BR60 was grown to late exponential phase in 

Medium A (Wyndham 1986) broth containing 500 ^g 3-CB Selected microcosms 

were inoculated with approximately 10^ CFU of C. testosteroni BR60 g"' dry soil. All 

treatments were conducted in triplicate. Soil was brought to 25 % gravimetric water 

content (64 % water holding capacity) and incubated at 27° C. Microcosms were 

sampled at 0, 3, 7, 14, 21, and 28 d. After 16 d, 25 g (dry weight equivalent) of soil was 

removed from the microcosms that were initially amended with 500 |ag 3-CB g"' dry soil, 

added to new jars, and re-amended with an additional 500 |ig 3-CB g"^ dry soil. 

C. Quantification of 3-chlorobenzoate biodegradation 

The 3-CB was extracted from soil by placing 1.2 g moist soil into 9.5 ml of 

extracting solution (6 |j,M Zwittergent detergent and 0.2% sodium hexametaphosphate) 

(Brendecke et al. 1993) and vortexed at setting 10 on a Vortex Genie™ for 5 min. A 1.0-

ml aliquot of the vortexed soil-extraction solution was placed in a 1.2-ml microcentrifuge 

tube and centrifuged at 16,000 X g for 10 min. Supematants were passed through 0.45 

|Lim pore-size polypropylene filters prior to HPLC analysis. The concentration of 3-CB 

was determined with a Waters Associates LC Module HPLC system and a Waters Cig 

column (3.9 mm x 150 mm) at a wavelength of 235 nm. Elution was isocratic, and the 

mobile phase was acetonitrile-acidified water (50:50, v/v) with a flow rate of 1 ml min"'. 
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Waters Millenniums2 (version 3.05) software was utilized for peak integrations. 

Phosphoric acid was used to acidify the water to pH 2.6. Several Madera Canyon soil 

samples that were not contaminated with 3-CB were analyzed to confirm that no natural 

soil components eluted at the same time as 3-CB. 

D. Enumeration of culturable bacteria 

The soil extraction solution from the 3-CB quantification was serially diluted in 

0.85 % NaCl buffer. Total numbers of culturable 3-CB degraders were determined by 

spread-plating 0.1 ml of the appropriate dilution onto Medium A supplemented with 500 

mg 3-CB r\ Indigenous 3-CB degraders were selectively enumerated on 3-CB minimal 

salts (MSM) plates prepared as described by Newby et al. (2000a) for 2,4-D indicator 

plates. The inoculant, C. testosteroni BR60, was capable of growth on Medium A but not 

the MSM indicator plates, thus allowing for the selective enumeration of indigenous 3-

CB degraders. Culturable, heterotrophic bacteria were enumerated on R2A (Difco, 

Detroit, MI) containing 100 mg cycloheximide 1"'. All plate counts were conducted after 

incubation of plates at 27°C for 6 d. 

E. Isolation and characterization of dominant indigenous degraders 

Approximately 200 degraders were isolated during the study. Bacteria were 

selected from plates at the highest (most dilute) dilution that produced a countable 

number of bacterial colonies. Selected bacteria were streaked to purity on the appropriate 

3-CB medium. Isolates were then cultured in Medium A broth containing 500 mg 3-CB 

r'. A 1.2-ml aliquot of each culture was placed into 1.5-ml microcentrifuge tubes and 

centrifuged at 5220 X g for 5 min. Pellets were resuspended in 0.85 % NaCl. The 
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harvested cells were stored at -20°C. Isolated degraders were grouped based on 

enterobacterial repetitive intergenic consensus (ERIC) PCR of the harvested cells as 

described by Versalovic et al. (1991). Selected bacteria from each ERIC profile were 

identified by 16S rDNA PCR using the forward primer 338F (5'-CTCCTACGGG-

AGGCAGCAG-3') and reverse primer 784R (5'-GGACTACCAGGGTATCTAATCC-

3') (J. McQuaid, pers. comm.). The 100 |j,l reaction contained IX PCR Buffer II (50 mM 

KCl, 10 mM Tris-HCl [pH 8.3]), 2.5 mM MgCb, 200 |aM of each deoxynucleotide 

triphosphate, 0.2 |iM of each primer, 2.5 U AmpliTaq Gold^"^ polymerase (Perkin Elmer, 

Foster City, CA), and 5 |a,l of harvested bacterial cells. The reaction was conducted in a 

Perkin Elmer 9600 GeneAmp PCR System and consisted of an initial hot-start 

denaturation step for 10 min at 95 °C followed by 35 cycles of denaturation for 1 min at 

94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C prior to a final 5 min 

extension step at 72°C. Positive PCR products were confirmed using agarose gel 

electrophoresis and ethidium bromide staining. The PCR products were purified with a 

QIAquick PCR purification kit (QIAGEN Inc., Valencia, CA). The forward primer was 

used for dye termination PCR sequencing performed at the University of Arizona's 

Laboratory of Molecular Systematics and Evolution sequencing facility. Sequence 

analysis was performed with advanced BLAST 2.0 program (Altshul et al. 1990) found 

on the National Center for Biotechnology Information's World Wide Web site 

(http://www.ncbi.nlm.nih.gov). For phylogenetic analysis, unique 168 rDNA sequences 

were aligned with ClustalW, and an unrooted tree was generated by Jukes-Cantor 

distance correction and Neighbor-Joining construction using GCG/SeqLab (Wisconsin 

http://www.ncbi.nlm.nih.gov
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Package v. 10.1, Genetic Computer Group (GCG), Madison, WI). Unique degraders 

were also examined for the presence of plasmids using a modified miniscreen for large 

plasmids (Rodriguez & Tait 1983). Extracts were separated with gel electrophoresis and 

visualized with ethidium bromide staining. 

III. Results 

A. 3-Chlorobenzoate biodegradation 

Inoculation of the soil with C. testosteroni BR60 increased the rate of 3-CB 

degradation in both the 500 and 1000 ng 3-CB g'^ dry soil microcosms (Figure 1). In the 

500 |ag 3-CB g"^ dry soil microcosms, 3-CB was reduced to undetectable levels within 7 

d in the C. testosteroni BR60 inoculated soil, but persisted until 21 d in the uninoculated 

soil. The inoculation effect was more pronounced in the 1000 |^g 3-CB g"' dry soil 

microcosms with 3-CB being undetectable within 14 to 21 d while 562.9 + 5.7 |ag 3-CB 

g'^ dry soil remained in the uninoculated microcosms after 28 d. In contrast, following 

re-amendment with an additional 500 |a,g 3-CB g"' dry soil after 16 d of incubation, 3-CB 

degradation was more rapid in the uninoculated soil than the inoculated soil (Figure 2). 

B. Microbial community dynamics 

In the inoculated treatments, the total number of culturable degraders detected on 

Medium A increased from the initial inoculum level of 10^ CFU g"' dry soil to 

n 1 

approximately 10 CFU g" dry soil with the increase being more rapid in the 500 than the 

1000 |j.g 3-CB g"' dry soil microcosms (Figure 3). In contrast, no indigenous 3-CB 

degraders were detected (on MSM plates) in the inoculated microcosms throughout the 
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experiment without 3-CB re-amendment (data not shown). All degraders isolated on 

Medium A from these inoculated microcosms were later confirmed to be the C. 

testosteroni BR60 inoculant. However, a population of indigenous degraders 

(approximately 10^ CFU g"' dry soil) did develop in the inoculated, 500 ^g 3-CB g"' dry 

soil microcosms following re-amendment with an additional 500 |Lig 3-CB g"^ dry soil 

(Table 1). In the uninoculated microcosms, culturable indigenous 3-CB degrader 

numbers increased in the uninoculated, 500 |ag 3-CB g"' dry soil microcosms from 

undetectable levels at 0 d to approximately 10^ CFU g"' dry soil by 14 d, and then 

decreased to less than 10^ CFU g'^ dry soil by 28 d (Figure 3). Degrader numbers were 

statistically the same on the Medium A and MSM plates (data not shown). In contrast, no 

3-CB degraders were detected in the uninoculated, 1000 |ag 3-CB g'^ dry soil microcosms 

during the experiment. 

The 3-CB contamination, at 1000 |j,g 3-CB g"' dry soil, initially decreased the 

number of culturable heterotrophic bacteria in both the uninoculated and inoculated 

microcosms (Figure 4c). However, inoculation with C. testosteroni BR60 appeared to 

either mask or partially alleviate the initial impact of 3-CB on the indigenous culturable 

heterotrophic soil bacteria. In the 1000 |j,g 3-CB g"' dry soil at 3 d, numbers decreased to 

• • R 1 • • 

minimal levels of 1.0 x 10 CFU g" in the inoculated microcosms as compared to 5.6 x 

10^ CFU g"' dry soil in the uninoculated microcosms. 

Potentially, the high numbers of degraders that developed may have masked some 

of the bioaugmentation effects on culturable heterotrophic bacteria. After 3 d, numbers 

of culturable heterotrophic bacteria were higher in C. testosteroni BR60 inoculated 
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microcosms than uninoculated microcosms at all 3-CB levels including the 

uncontaminated control (Figure 4); therefore, degrader numbers as detected on Medium 

A were subtracted from R2A plate counts to determine the number of culturable 

heterotrophic bacteria not capable of 3-CB degradation (Figure 5). When the results from 

the 500 |j,g 3-CB g"^ dry soil microcosms were examined in this way, culturable 

heterotrophic bacterial numbers were essentially the same in both the inoculated and 

uninoculated microcosms except at 7 d. In contrast, bacterial numbers in the 1000 |J.g 3-

CB g"^ dry soil microcosms were higher in the inoculated soil than the uninoculated soil, 

throughout the duration of the study except at 7d. 

C. Dominant indigenous degraders 

Approximately 200 degraders were isolated from both the uninoculated and C. 

testosteroni BR60 amended soils. Degraders were placed into three distinct groups based 

on ERIC-PCR fingerprints. Selected bacteria from each group were identified by 16S 

rDNA sequences. All degraders that were isolated from the inoculated soil were 

confirmed to be the inoculant, C. testosteroni BR60. The dominant degraders from the 

uninoculated, 500 )ag 3-CB g"^ dry soil microcosms consisted of two distinct 

Burkholderia spp. and were designated as AZ102 and AZ163, comprising approximately 

90 and 10 % of degraders, respectively (data not shown). Phylogenetic analyses 

confirmed both indigenous degraders to be distinct from the C. testosteroni BR60 

inoculant but similar to other chlorinated hydrocarbon degrading bacteria including a 2,4-

D degrading bacterium isolated by Velicer et al. (unpubl., GenBank # AF184931)(Figure 

6). All indigenous degraders isolated from microcosms re-amended with 500 |j,g 3-CB g" 
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' dry soil were identified as Burkholderia sp. AZ102. Both Burkholderia sp. AZ102 and 

AZ163 contained plasmids that were smaller than the 85 kb plasmid in the C. testosteroni 

BR60 inoculant (Figure 7). 

IV. Discussion 

The C. testosteroni BR60 inoculant proliferated in the contaminated soil and 

increased the rate of 3-CB degradation at both levels of 3-CB contamination; however, 

there were clear differences in 3-CB biodegradation at the two different levels of 

contamination. Increased degradation in the 500 )j,g 3-CB g"' dry soil amended 

microcosms appeared to be primarily the result of elimination of the acclimation period 

in the inoculated soil. A large indigenous population of 3-CB degraders developed in the 

uninoculated soil and, once established, degraded the 3-CB at a rate similar to that of the 

C. testosteroni BR60 inoculant. In contrast, no indigenous degraders were detected in the 

uninoculated, 1000 |j.g 3-CB g"' dry soil microcosms during the study. While 3-CB was 

almost completely degraded in the inoculated soil by 14 d, approximately 500 |ig 3-CB g" 

^ dry soil still remained in the uninoculated soil even after 56 d (data not shown). The 

higher concentration of 3-CB apparently inhibited the development of the indigenous 3-

CB degrader population. As indicated by culturable heterotrophic bacterial numbers, 

addition of 1000 |j,g 3-CB g"' dry soil decreased culturable bacteria by 60 % between 0 

and 3 d. The indigenous degraders may have been eliminated along with other bacteria 

during the initial exposure to 3-CB. It appears likely that the higher 3-CB level was toxic 

to the indigenous degraders since the 1000 |a,g 3-CB g"' dry soil also slowed proliferation 
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of the C. testosteroni BR60 inoculant with numbers increasing to 10^ CFU g"' dry soil by 

3 d in the 500 |^g 3-CB g"^ dry soil microcosms, but not until 14 d in the 1000 |j,g 3-CB g' 

^ dry soil microcosms. 

Degradation was so rapid in the inoculated 500 |j,g 3-CB g"' dry soil microcosms 

that there was little time for development of the indigenous degrader populations under 3-

CB selective pressure; therefore, a portion of the soil from each the uninoculated and 

inoculated treatments was re-amended with 500 [j-g 3-CB g"' dry soil at 16 d after the 3-

CB was mostly degraded in both treatments. In contrast to the previous results, 

degradation proceeded more rapidly in the uninoculated soil than the inoculated soil. The 

most likely reason for this result is the higher number of degraders in the uninoculated, 

500 |j,g 3-CB g"' dry soil microcosms at 16 d as compared to the inoculated, 500 i^g 3-CB 

g"^ dry soil microcosms. The 3-CB had been completely degraded in the inoculated soil 

for approximately 9 d prior to re-amendment with 3-CB while the uninoculated soil still 

contained 3-CB, albeit a low concentration, and thus a higher degrader population at the 

time of re-amendment. Following the re-amendment of the inoculated microcosm with 

500 fxg 3-CB g"' dry soil, degrader numbers increased to approximately the same as those 

in the uninoculated soil. 

Another striking difference between the results from the re-amended uninoculated 

and inoculated soils and the results from the initial study was the development of an 

indigenous degrader population (approximately 10^ CFU g"' dry soil) in the inoculated 

soil. The indigenous degraders were confirmed to be Burkholderia sp. AZ102 based on 

16S rDNA sequences. No isolates of Burkholderia sp. AZ163 were found in the re-
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amended, inoculated soil. It is not known if a population of Burkholderia sp. AZ163 was 

not present or just too low to be detected. Since both Burkholderia sp. AZ102 and 

Burkholderia sp. AZ163 have similarly sized plasmids, it is possible that the 3-CB 

degrading Burkholderia sp. AZ163 in the initial experiment resulted from transfer of 

degradative genes from Burkholderia sp. AZ102, the more numerous degrader. The 

transfer may have occurred once the population reached a level higher than that the 10^ 

CFU g'^ dry soil present in the re-amended soil. This is only speculative, but Newby et 

al. (2000a & 2000b) also detected high levels of plasmid pJP4 transfer among 

Burkholderia spp. in Madera Canyon soil. 

Inoculation with C. testosteroni BR60 reduced the negative effects of 3-CB on 

culturable heterotrophic bacterial numbers at the highest level of contamination, 1000 |j,g 

3-CB g'^ dry soil. The differences between the inoculated and uninoculated microcosms 

carmot be explained solely on the basis of reduction in 3-CB toxicity. Even at 3 d when 

limited degradation had occurred, heterotrophic bacterial numbers were higher in the 

inoculated soil than the uninoculated soil. It is possible that partial 3-CB-degradation 

products were made available to indigenous degraders as a result of degradation by C. 

testosteroni BR60. Another possibility is a portion of the added C. testosteroni BR60 

perished and provided a metabolizable nutrient pool for indigenous bacteria. 

Nevertheless, the differences in results between the 1000 and 500 |j.g 3-CB g"' dry soil 

treatments suggest that this inoculation protection of indigenous bacteria was a real 

occurrence and not just an artifact of confounding effects. The inoculated, 500 fj.g 3-CB 

g'^ dry soil microcosms received the same amount of C. testosteroni BR60 initially, but 
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there was not a corresponding difference between the numbers of culturable heterotrophic 

bacteria in the inoculated and uninoculated microcosms. 

V. Conclusions 

Addition of C testosteroni BR60 increased degradation of 3-CB at both tested 

levels of contamination; however, inoculation with C. testosteroni BR60 delayed the 

development of the indigenous 3-CB degrader populations. Indigenous degraders were 

only detected in the inoculated soil after a re-amendment with additional 3-CB. It is 

unclear if inoculation with C. testosteroni BR60 affected the composition of indigenous 

degraders. Addition of C. testosteroni BR60 reduced the initial decrease in the number of 

culturable heterotrophic soil bacteria following amendment with 1000 )j,g 3-CB g"' dry 

soil. This level of 3-CB also completely inhibited the development of indigenous 

degraders. The results indicate that bioaugmentation may be beneficial not only by 

increasing the rate of contaminant degradation but also by decreasing the deleterious 

effects of contaminants on indigenous soil microorganisms. 
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Table 1. Numbers of indigenous and total 3-chlorobenzoate (3-CB) degraders in microcosms initially amended with 500 |j.g 
3-CB g"^ dry soil and re-amended with an additional 500 |ag 3-CB g"' dry soil after 16d. Microcosms were either 
uninoculated or inoculated with C. testosteroni BR60. 

Sampling Time 

18 d 23 d 

Treatment Indigenous Total Indigenous Total 

3-CB degraders (CFU g"^ dry soil) 

Uninoculated 3.93 (± 1.59) x 10^ 3.88 (± 1.56) x 10^ 1.60 (± 0.09) x 10^ 1.44 (± 0.33) x 10^ 

Inoculated none detected 2.37 (± 0.57) x 10^ 1.36 (± 0.60) x 10^ 1.41 (± 0.39) x 10^ 
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Figure 1. Concentrations of 3-chlorobenzoate (3-CB) in microcosms amended with (a) 
500 and (b) 1000 |j,g 3-CB g"' dry soil that were uninoculated or inoculated with C. 
testosteroni BR60. Error bars represent the standard deviation of three replicate 
microcosms. 
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Figure 2. Concentrations of 3-chlorobenzoate (3-CB) in microcosms initially amended 
with 500 |ag 3-CB g"' dry soil and re-amended with 500 |ig 3-CB g"^ dry soil after 16 d. 
Microcosms were either uninoculated or inoculated with C. testosteroni BR60. Error 
bars represent the standard deviation of three replicate microcosms. 
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Figure 3. Numbers of 3-chlorobenzoate (3-CB) degraders in microcosms amended with 
(a) 500 and (b) 1000 )4.g 3-CB g"' dry soil that were uninoculated or inoculated with C. 
testosteroni BR60. Error bars represent the standard deviation of three replicate 
microcosms. 
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Figure 4. Numbers of culturable heterotrophic bacteria in microcosms amended with (a) 
0, (b) 500, and (c) 1000 |jg 3-chlorobenzoate g"' dry soil that were uninoculated or 
inoculated with C. testosteroni BR60. Error bars represent the standard deviation of three 
replicate microcosms. 
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Figure 5. Numbers of culturable heterotrophic bacteria after subtraction of 3-
chlorobenzoate (3-CB) degraders. Microcosms were amended with (a) 500 and (b) 1000 
|j,g 3-CB g"^ dry soil and were uninoculated or inoculated with C. testosteroni BR60. 
Error bars represent the standard deviation of three replicate microcosms. 
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^ Burkholderia sp. AZ163 

— Comamonas testosteroni BR60 
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Figure 6. Phylogenetic tree generated from 16S rDNA sequences of indigenous 3-
chlorobenozate degraders (underlined) and selected bacteria from GenBank. 
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Figure 7. Plasmid screens of C. testosteroni BR60, prior to soil inoculation (lane 2) and 
after re-isolation from soil (lane 3), and the indigenous 3-chlorobenzoate degraders 
Burkholderia sp. AZ102 (lane 4) and Burkholderia sp. AZ163 (lane 5). The negative 
control was run in lane 1. 
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I. Abstract 

A study was conducted to determine the diversity of 2-, 3-, and 4-chlorobenzoate 

(CB) degraders in two pristine soils with similar physical and chemical characteristics. 

Surface soils were collected from two pristine, forested sites and amended with 500 i^g of 

2", 3", or 4-CB g"' dry soil. The CB levels and CB degrader numbers were monitored 

over time. Additionally, CB degraders were isolated throughout the study, grouped 

according to DNA fingerprints, identified via 16S rDNA sequences, and screened for the 

presence of plasmids. The CB degradative genes in selected degraders were also isolated 

and/or characterized. The two sandy loam soils exhibited different patterns of CB 

degradation. In the Madera soil, 2-CB and 4-CB degraded within 11 and 42 d, 

respectively, but 3-CB did not degrade. In contrast, 3-CB and 4-CB degraded in the 

Oversite soil within 14 and 28 d, respectively, while 2-CB did not degrade. Populations 

of approximately 10^ CFU g"' of degraders were detected in the Madera soil with 2-CB, 

and the Oversite soil with 3- and 4-CB. No degraders were detected in the Madera soil 

with 4-CB even though the 4-CB was degraded. Nearly all of the 2-CB degraders 

isolated from the Madera soil were identified as a single Burkholderia sp. containing 

chromosomally-encoded degradative genes. In contrast, several different 3- and 4-CB 

degraders were isolated from the Oversite soil, and their populations changed as CB 

degradation progressed. Most of the 3-CB degraders from the Oversite soil were 

identified as Burkholderia spp. while the majority of 4-CB degraders were identified as 

Bradyrhizobium spp. Additionally, several of the 3-CB degraders contained the 

degradative genes on large plasmids, and there was variation between the plasmids in 
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different isolates. When a fresh sample of the Madera soil that could not degrade 500 |ig 

3-CB g"^ was amended with 50, 100, or 200 |ag 3-CB g\ degradation occurred at the 

three lower levels of 3-CB. This suggested that the previous amendment of 500 ^g 3-CB 

g"' was inhibitory to the indigenous degraders. Also, different 3-CB degraders were 

isolated from the Madera soil at each of the three lower levels of 3-CB. In contrast, when 

a fresh sample of the Oversite soil that would not degrade 500 |jg 2-CB g"' was amended 

with 50, 100, or 200 ng 2-CB g"\ no degradation occurred at any level indicating that the 

inability to detect 2-CB degraders in the soil was most likely due to the absence of 2-CB 

degraders and not 2-CB toxicity. These results indicate that the development of 2-, 3-, 

and 4-CB degrader populations is site-specific even for soils that have evolved under 

similar soil forming factors, and that 2-, 3-, and 4-CB are degraded by different bacterial 

populations in pristine soils. 

11. Introduction 

Chlorobenzoates are common soil pollutants that occur at polychlorinated 

biphenyl (PCB)-contaminated sites as products of microbial PCB-metabolism (Barriault 

and Sylvestre, 1993). Historically, much of the effort to isolate chlorobenzoate (CB) 

degraders from the environment has focused on these contaminated soils (Focht and 

Shelton, 1987; Hickey and Focht, 1990; Wyndham et al., 1988); however, several 

relatively recent studies have found widespread occurrence of chlorobenzoate degrading 

bacteria even at non-contaminated sites (Fulthorpe et al., 1998; Yi et al., 2000). For 

example, one study successfully isolated 3-CB degraders from pristine ecosystems in five 
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different continents (Fulthorpe et al., 1998). The study also found that geography and 

vegetation impacted which degraders developed at each site. 

It is likely that chlorobenzoate degrading bacteria develop and are maintained in 

pristine sites due to naturally occurring halogenated compounds. Plants, insects, bacteria, 

and fungi are known to release halogenated chemicals into the environment (Gribble, 

1998). These halogenated compounds may be intentionally produced, such as chemical 

defenses, or may be by-products of metabolism (Fetzner, 1998). In fact, at least sixty-

eight different genera of Basidiomycetes have been shown to produce halogenated, 

primarily chlorinated, metabolites (de Jong and Field, 1997). It also appears that 

chlorobenzoates specifically are naturally produced in the envirormient (Niedan and 

Scholer, 1997). 

With the widespread occurrence, albeit at low levels, of chlorinated hydrocarbons 

naturally in the envirormient, it is not surprising that many different bacteria have been 

identified that degrade the three monochlorobenzoates, 2-, 3-, and 4-CB. Isolated 

bacteria that degrade 2-CB include Alcaligenes spp., Burkholderia spp., and 

Pseudomonas spp. (Hickey and Focht, 1990; Miguez et al., 1990; Suzuki et al., 2001; 

Tsoi et al, 1999). The 3-CB degraders include Acinetobacter spp., Alcaligenes spp.. 

Bacillus spp., Burkholderia spp., Comamonas spp., Pseudomonas spp., and Ralstonia 

spp. (Bott and Kaplan, 2002; Gentry et al., 2001; Lang, 1996; Ogawa and Miyashita, 

1995; Reber and Thierbach, 1980; Wyndham et al., 1988). The 4-CB degraders include 

Alcaligenes spp., Arthrobacter spp., Burkholderia spp., Nocardia spp., Pseudomonas 
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spp., and Sphingomonas spp. (Ajithkumar and Kunhi, 2000; Davison et al., 1999; Klages 

and Lingens, 1979; Marks et al., 1984; van den Tweel et al., 1987). 

Even though many of the same genera of bacteria degrade 2-, 3-, and 4-CB, the 

three compounds are typically degraded by different enzymes and pathways (Fig. 1). 

There is, however, diversity in the known degradation pathways for 2-, 3-, and 4-CB. 

Some researchers have found overlap in the degradation pathways of 2-, 3-, or 4-CB and 

have even isolated bacteria capable of degrading two or more mono CBs and even di- and 

trichlorobenzoates (Ajithkumar and Kunhi, 2000; Hickey and Focht, 1990). 

Chlorobenzoate degradative genes are also commonly found on transmissible plasmids or 

transposons which may explain the widespread distribution of chlorobenzoate 

degradative genes in diverse bacterial genera - possibly resulting from horizontal gene 

transfer events (Don et al., 1985; Ghosal et al., 1985; Rensing et al., 2002; Wackett and 

Hershberger, 2001; Yi et al., 2000; Zhou and Tiedje, 1995). 

While there has been considerable characterization of chlorobenzoate degraders 

isolated from individual sites, and the diversity of 3-CB degraders have even been 

compared on several different continents, to our knowledge, a study has not been 

conducted to examine the diversity of the three possible monochlorobenzoate (2-, 3-, and 

4-CB) degraders at similar sites. Knowledge of this diversity along with an 

understanding of degrader community dynamics when a pristine soil is first exposed to 

high levels of CBs may help determine the mechanisms of microbial adaptation and 

degrader development in response to a contamination event. The "sky islands" of the 

southwestern United States and northwestern Mexico provide a unique opportunity to 
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examine the issue of CB degrader diversity in similar environments (DeBano et al., 

1995). The "sky islands" are composed of about 27 mountain ranges that rise from the 

desert floor with vegetation progressively changing from desert scrub to oak woodland to 

pine forest as the elevation increases. Even though the "sky islands" have similar 

climates at a given elevation, there is considerable biogeographical diversity between the 

islands due to their spatial isolation. 

For this study, we collected soil from two different "sky islands" and exposed the 

samples to 2-, 3-, or 4-CB. We monitored changes in CB concentrations and determined 

the effects on total bacterial and CB-degrader populations. Degraders were also isolated 

throughout the study to assess changes in the degrader community structure. The isolated 

degraders were screened for the presence of plasmids and were identified based on 16S 

rDNA sequences. Additionally, CB genes in selected degraders were characterized. 

III. Methods 

A. Soils 

Soils were collected from the surface horizon of pristine, forested sites of the 

Coronado National Forest in Madera Canyon near Green Valley, AZ and Oversite 

Canyon near Sierra Vista, AZ. Selected characteristics of both soils are listed in Table 1. 

Field-moist soil was passed through a 2-mm sieve and 100 g dry weight equivalent added 

to polypropylene jars. Sterile deionized water was added to bring the soil water content 

to 140 % of-0.3 MPa soil water potential. Microcosms were incubated for 7 d at 27°C 

to allow for acclimation of indigenous microorganisms prior to imposing treatments. 
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B. Addition of chlorobenzoate to soils 

Stock solutions of 2-CB (98 %, Aldrich Chemical Co. Inc., Milwaukee, WI), 3-

CB (99 %, Sigma Chemical Co. Inc., St. Louis, MO), and 4-CB (99 %, Aldrich) were 

prepared similar to the method previously described for 2,4-dichlorophenoxyacetic acid 

(2,4-D) (Di Giovanni et al., 1996). Microcosms, containing Madera or Oversite Canyon 

soil, were amended with 0 or 500 |a,g of the respective CB g"' dry soil. All treatments 

were conducted in triplicate. Following addition of all amendments, soil was brought to 

approximately field capacity (175 % of-0.3 MPa soil water potential) and incubated at 

27°C. 

C. Quantification of chlorobenzoate biodegradation 

The CB was extracted from soil by placing 1.2 g moist soil into 9.5 ml of 

extracting solution (6 |4,M Zwittergent detergent and 0.2% sodium hexametaphosphate) 

(Brendecke et al. 1993), and mixing on a horizontal shaker at high setting for 5 min. A 

1.0-ml aliquot of the soil-extraction solution was placed in a 1.5-ml microcentrifuge tube 

and centrifuged at 16,000 X g for 10 min. Supematants were passed through 0.2 |j.m 

pore-size polypropylene filters (Pall Gelman, Ann Arbor, MI) prior to HPLC analysis. 

The concentration of CB was determined with a Waters Associates LC Module HPLC 

system and a Waters Cig column (3.9 mm x 150 mm) at a wavelength of 235 nm. Elution 

was isocratic, and the mobile phase was acetonitrile-acidified water (50:50, v/v) with a 

flow rate of 1 ml min"\ Waters Millennium32 (version 3.05) software was utilized for 

peak integrations. Acidified water, pH 2.6, was prepared with phosphoric acid. Several 
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non-contaminated soil samples were analyzed to confirm that no natural soil components 

eluted at the same time as CB. 

D. Enumeration of culturable bacteria 

The soil extraction solution from the CB quantification was serially diluted in 

0.85 % NaCl buffer. Total numbers of culturable CB degraders were determined by 

spread-plating 0.1 ml of the appropriate dilution onto Bushnell-Haas Agar (BH) 

containing 500 mg of the appropriate CB 1"' as a C source (Atlas, 1993). Noble agar 

(Difco, Detroit, MI) was used as the solidifying agent in BH in order to reduce undesired 

carbon compounds in the media. Additionally, BH was amended with 50 mg 

bromthymol blue 1"' as an indicator. Culturable, heterotrophic bacteria were enumerated 

on R2A (Difco). Plate counts were conducted after incubation of plates at 27°C for 6 d 

(R2A) or 14 d (BH). 

E. Isolation and characterization of dominant indigenous degraders 

Approximately 500 dominant chlorobenzoate degraders were isolated during the 

study. Bacteria were selected from plates at the highest (most dilute) dilution that 

produced a countable number of bacterial colonies. Selected bacteria were streaked to 

purity on the appropriate CB medium and then ultimately streaked onto R2A. 

Approximately one colony of bacterial cells was harvested, placed into 20 |al of sterile, 

molecular-grade water, and stored at -20°C. Isolated degraders were grouped based on 

enterobacterial repetitive intergenic consensus (ERIC) PCR of the harvested cells with a 

method modified from that described by Versalovic et al. (1991). The FailSafe™ PCR 
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System (Epicentre, Madison, WI) was used to generate ERIC fingerprints by adding 

primers (0.1 [iM of each in final reaction) from Versalovic et al. (1991) to FailSafe™ 

PGR 2X PreMix F and Enzyme Mix according to the manufacturer's instructions. The 

PGR reaction was conducted in a GeneAmp® PGR System 2700 (Applied Biosystems, 

Foster Gity, GA) with an initial denaturation step for 7 min at 95°G, followed by 35 

cycles of denaturation for 30 s at 94°G, annealing for 30 s at 52°G, and extension for 4 

min at 68°G. The PGR products were visualized on a 1.2% agarose gel following 

electrophoresis and ethidium bromide staining. Selected bacteria from each ERIG profile 

were also screened for the presence of plasmids (Kado and Liu, 1981). Plasmid extracts 

were separated with gel electrophoresis and visualized with ethidium bromide staining 

along with the 85-kb plasmid from C. testosteroni BR60 which was utilized as a size 

standard (Nakatsu et al., 1997). 

The ability of isolated degraders to metabolize GB was confirmed by inoculating 

each isolate into modified M9 broth (without glucose or thiamine) (Atlas, 1993) 

containing 50 mg of the respective GB 1"'. Cultures were incubated at room temperature 

with shaking at 150 rpm. The GB levels were monitored with UV spectroscopy. 

Respective 1.0-ml broth aliquots were centrifuged at 16,000 X g for 10 min and 

absorbance of supematants was read at 230 nm with a SPECTRONIG® GENESYS™ 2 

UV spectrophotometer (Milton Roy Co., Rochester, NY). 



F. Phylogenetic analysis 

Selected bacteria from each ERIC profile were identified by 16S rDNA PCR 

using the forward primer 338F (5'-CTCCTACGGGAGGCAGCAG-3') and reverse 

primer 784R (5'-GGACTACCAGGGTATCTAATCC-3') (J. McQuaid, pers. comm.). 

The 100 III reaction contained IX PCR Buffer II (50 mM KCl, 10 mM Tris-HCl [pH 

8.3]), 1.5 mM MgCl2, 200 |aM of each deoxynucleotide triphosphate, 0.2 |a,M of each 

primer, 2.5 U AmpliTaq Gold'''" polymerase (Perkin Elmer, Foster City, CA), and 5 |4,1 of 

harvested bacterial cells. The reaction was conducted in a GeneAmp® PCR System 2700, 

and consisted of an initial hot-start denaturation step for 10 min at 95°C, followed by 35 

cycles of denaturation for 1 min at 94°C, annealing for 1 min at 55°C, and extension for 1 

min at 72°C prior to a final 5 min extension step at 72°C. Positive PCR products were 

confirmed using agarose gel electrophoresis and ethidium bromide staining. The PCR 

products were purified with a QIAquick PCR purification kit (QIAGEN Inc., Valencia, 

CA). The forward primer was used for dye termination PCR sequencing performed at the 

University of Arizona's Laboratory of Molecular Systematics and Evolution sequencing 

facility. Following sequencing, the reverse primer sequence was removed from the 3' 

end of the PCR product sequence. The sequence was then compared to sequences in 

GenBank using BLASTN 2.2.5 (Altschul et al., 1997). Additionally, the 16S rDNA 

sequences of isolated degraders were aligned with CLUSTAL W (v. 1.8), and a 

phylogenetic tree was generated using PAUP and GCG® Wisconsin Package® (v. 10.2, 
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Accelrys, San Diego, CA) with Neighbor-Joining construction, Jukes-Cantor distance 

correction, and a bootstrapping value of 100. 

G. Characterization of chlorobenzoate degradative genes in selected degraders 

We initially attempted to amplify regions of CB degradative genes from selected 

2-, 3", and 4-CB degraders. The primers for cbdA (2-halobenzoate dioxygenase) 

designed by Suzuki et al. (2001) were used to amplify a region of a putative 2-

halobenzoate dioxygenase from the dominant 2-CB degrader having ERIC fingerprint a 

(Table 2). Primers were designed based on the tfdC (chlorocatechol 1,2- dioxygenase) 

and tfdD (chloromuconate cycloisomerase) genes in the 3-CB degrader Ralstonia 

eutropha JMP134 (Genbank # M35097) (Perkins et al., 1990) and used on the 3-CB 

degraders having ERIC fingerprints j, p, and n3. These 3-CB degraders were selected 

because they contained the three different sizes of plasmids that were most common in 

our 3-CB isolates. Primers were also designed based on the putative 4-chlorobenzoate 

Co-A ligase gene in Bradyrhizobium japonicum USDA 110 (Genbank # AP005948) and 

used on the dominant 4-CB degrader with the ERIC fingerprint ag3. The PCR 

amplifications were performed using Taq DNA polymerase (Promega, Madison, WI) 

with 1 cycle at 94°C for 5 min followed by 30 cycles of 95°C for 0.5 min, 56°C for 1 

min, and 72°C for 2 min, and a final extension step at 72°C for 10 min. The amplified 

products were analyzed by electrophoresis in a 1 % agarose gel and purified using the 

Qiaquick Gel Extraction kit (Qiagen, Valencia, CA). Approximately 300 ng of purified 

DNA from positive PCR reactions was used for dye termination PCR sequencing with 

each the corresponding forward and reverse primers at the University of Arizona's 
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Laboratory of Molecular Systematics and Evolution sequencing facility. The sequence 

was then compared to sequences in GenBank using BLASTN and BLASTX programs 

(Altschul et al., 1997). 

Additionally, genomic and plasmid DNA in the 2- and 3-CB degraders above 

were assayed for the presence of CB degradative genes using Southern blot analysis. 

Genomic DNA was isolated using the Blood & Cell Culture DNA mini kit (Qiagen). 

Plasmid DNA was isolated according to the method of Kado and Liu (1981) except that 

two phenol-chloroform extractions were performed followed by a precipitation step with 

the same volume of isopropanol. One microgram of the appropriate DNA was digested 

with BamRl or EcoiBl, separated in a 0.8 % agarose gel, transferred to nylon membranes, 

and hybridized according to the manufacturer's instructions (MSI Inc., Westborough, 

MA). Gene specific primers for cbdA were used to PCR amplify the probe (~ 900 bp) 

from Burkholderia sp. TH2 (Table 2) (Suzuki et al., 2001) according to the methods 

described above. Probes for tfdC (~ 800 bp) and tfdD (~ 1100 bp) were generated from 

R. eutropha JMP134 using gene specific primers (Table 2). The PCR amplification 

products were purified from an agarose gel with the Qiaquick Gel Extraction kit. Each 

probe was randomly labeled with a-^^P (dCTP) using the RadPrime DNA labeling system 

(Invitrogen, Carlsbad, CA). Probes were hybridized with the DNA gel blot overnight at 

62°C in buffer composed of 5x SSC, Ix Denhardt's, and 0.5 % SDS. The membranes 

were washed once with a solution (2 X SSC, 0.1 % SDS) at room temperature and twice 

with the same solution (0.2 X SSC, 0.1 % SDS) for 20 minutes at 65°C prior to overnight 

exposure to Kodak BioMax MS film at - 80°C. 
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H. Chlorobenzoate dose response assay 

Soils that had not degraded specific CBs after 64 d of incubation were tested to 

see if the initial level of CB (500 |ag g"^ soil) was responsible for inhibition of indigenous 

degraders or if the soil in fact had no detectable degraders even at lower CB 

concentrations. Uncontaminated Madera soil was amended with 50, 100, 200, or 500 |j,g 

3-CB g"\ Likewise, uncontaminated Oversite soil was amended with 50,100, 200, or 

500 |j,g 2-CB g"\ Soils were incubated and sampled using the procedures outlined for the 

original microcosms except that degraders were enumerated on BH containing 100 mg, 

instead of 500 mg, of the appropriate CB f' and the ability of isolated degraders to 

metabolize CB was confirmed by inoculation into M9 broth containing 10 mg, instead of 

50 mg, of the appropriate CB 

IV. Results 

A. Chlorobenzoate degradation following bioaugmentation 

In the Madera soil, 2-CB and 4-CB levels dropped from the original, 500 i^g CB 

g"^ soil, level to below the limit of detection within 11 and 42 d of incubation, 

respectively (Fig. 2). Little or no 3-CB degradation was observed in the Madera soil. In 

contrast, 3-CB and 4-CB degraded within 14 and 28 d, respectively, in the Oversite soil 

while only limited or no degradation of 2-CB occurred within 63 d. 

In the dose reponse assay where the Madera soil, which had been shown to not 

degrade 500 |ag 3-CB g"' soil, was amended with 50, 100, 200, or 500 ng 3-CB g"' soil. 
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different results were obtained depending on the level of 3-CB added to the soil (Fig. 3). 

The 3-CB in the 50 and 100 ^.g 3-CB g"' soil microcosms were degraded within 14 and 

28, respectively. The 3-CB in the 200 |ig 3-CB g"' soil microcosms was mostly degraded 

by 49 d while the 3-CB concentrations in the 500 |ig 3-CB g"' soil microcosms remained 

level as in the original Madera microcosms that showed little or no 3-CB degradation 

after 63 d of incubation (Fig. 2). In contrast, no 2-CB degradation was detected in the 

Oversite soil whether the soil was amended with 50, 100, 200, or 500 |a.g 2-CB g"^ soil 

(Fig. 3). 

B. Enumeration of culturable bacterial populations and chlorobenzoate degraders 

Both the Madera and Oversite soils had large culturable bacterial populations of 

o 1 
approximately 10 CFU g" soil (Fig. 4). Following addition of 3- and 4-CB to Madera 

soil, culturable bacterial numbers decreased slightly, but significantly, and then 

eventually increased to above the initial levels after about 21 to 28 d of incubation. The 

2-CB contamination did not appear to impact the culturable bacterial numbers in the 

Madera soil. Likewise, culturable bacterial numbers first decreased slightly in the 

Oversite soil after addition of 3- and 4-CB but then increased above initial levels after 

about 14 d. Again, 2-CB did not appear to impact the culturable bacterial numbers in the 

Oversite soil. 

In the Madera soil, culturable 2-CB degrader numbers increased from below the 

limit of detection to over lO' CFU g"' soil within 7 d and mirrored the degradation of 2-

CB (Fig. 5). No 3- or 4-CB degraders were detected. Conversely, 3- and 4-CB degraders 

in the Oversite soil increased from approximately 10^ CFU g"' initially (less than 30 
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degrader colonies per plate were detected at 0 and 4 d for 3-CB and 0, 4, and 7 d for 4-

CB)to 10^ and 10^ CPU g"' within 14 and 21 d, respectively, and followed 3- and 4-CB 

degradation. No 2-CB degraders were detected in the Oversite soil throughout the study. 

In the dose response assay, small populations of 3-CB degraders, about 10"^ CPU 

g"^ soil, were detected at 47 d in the Madera soil amended with 50, 100, and 200 |ig 3-CB 

g"' soil (Table 3). No 3-CB degraders were detected in the 500 |j.g 3-CB g"' microcosms. 

The 2-CB degraders in the Oversite soil were not assessed since no 2-CB degradation 

was detected in the 50, 100, 200, or 500 |ig 2-CB g"' microcosms. 

C. Chlorobenzoate degrader community dynamics 

Isolated CB degraders were first characterized based on ERIC fingerprints. As 

indicated in Table 4, all of the 2-CB degraders isolated from Madera soil at day 4 and 7 

belonged to ERIC fingerprint a while 94 % and 6 % of 2-CB degraders at 11 d belonged 

to fingerprints a and ab, respectively. Conversely, 3- and 4-CB degraders in Oversite soil 

belonged to numerous different ERIC fingerprints and the populations shifted over time. 

As shown in Pig. 6A, fingerprint c comprised the largest portion of 3-CB degraders in the 

Oversite soil at day 0 but gradually decreased at day 7 and 14 while degraders belonging 

to other fingerprints, including/ i, and m, became dominant. Likewise, Pig. 6B 

demonstrates that the majority of 4-CB degraders in the Oversite soil at day 0 belonged to 

fingerprint ah, but the degraders with this fingerprint decreased over time. At day 4, 4-

CB degraders were evenly divided among several different fingerprints with ag3 

becoming dominant after lid along with ah3 at 21 d. 
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In the Madera 3-CB dose response assay, degraders isolated from the 50, 100, and 

200 ^ig 3-CB g"' microcosms differed in their ERIC fingerprints (Fig. 7). In the 50 fig 3-

CB g'^ microcosms, the dominant fingerprint was 3n2 while the dominant fingerprints 

were 3a in the 100 |^g 3-CB g"' microcosms and 3b and 3h in the 200 |ag 3-CB g"' 

microcosms. 

D. Plasmid isolation and description 

Large plasmids were detected in several of the 3-CB degraders isolated from the 

Oversite soil with at least 3 differently sized plasmids occurring (Fig. 8). Plasmids in 

lanes 6, 8, 10, and 11 are fi:om degraders with ERIC fingerprint s2. Plasmids in lanes 3, 

5, and 7 are from degraders with ERIC fingerprint n3. The plasmids in lanes 4 and 9 are 

from degraders with ERIC fingerprints j and r, respectively. Plasmids were not as 

apparent in the 2-CB degraders isolated from the Madera soil (lane 2) or 4-CB degraders 

isolated from the Oversite soil (lanes 14 and 15); however, there were some 4-CB 

degraders that produced extremely faint bands which would correspond to very large 

plasmids, but the bands are not visible on the gel. Plasmids were also not apparent in the 

majority of 3-CB degraders isolated from the 50, 100, or 200 i^g 3-CB g"^ Madera 

microcosms (lanes 12 and 13). 

£. Identification of isolated chlorobenzoate degraders 

The majority of 2-CB degraders (97 %) isolated from Madera soil represented by 

ERIC fingerprint a were identified as a Burkholderia sp. (Table 5). The minor 2-CB 

degrader population (3 %) represented by fingerprint ab was identified as a Lysobacter 

sp. The 3-CB degraders isolated from Oversite soil were identified as Burkholderia spp.. 
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Microbacterium spp., Pseudomonas spp., and Rhodanobacter sp. Bacteria representing 

11 out of 22 ERIC fingerprints and 62 % of 3-CB degrader isolates from the Oversite soil 

had 16S rDNA sequences most similar to Burkholderia sp. AZ163. The 4-CB degraders 

isolated from Oversite soil were identified as Acaligenes sp., Bradyrhizobium sp., 

Microbacterium sp., Pseudomonas spp., Ralstonia sp., and Stenotrophomonas sp. with 

most of the isolates (51 %) being a Bradyrhizobium sp. The 3-CB degraders isolated in 

the Madera 3-CB dose response assay were identified as Bradyrhizobium sp., 

Burkholderia spp., and Ralstonia spp. with Burkholderia spp. being predominant. 

Additionally, there appeared to be limited phylogenetic overlap between isolated 2-, 3-, 

and 4-CB degraders (Fig. 9). 

F. GenBank accession numbers for 16S sequences of isolated degraders 

The partial, 16S rDNA sequences for isolated 2-, 3-, and 4-CB degraders 

representing each unique ERIC fingerprint were submitted to GenBank. The CB 

degraders, identified by their ERIC fingerprint, and their corresponding GenBank 

accession numbers are as follows: 2-CB degraders from Madera soil - a (AY267490), ab 

(AY267505); 3-CB degraders from Madera soil - 3a (AY267494), 3b (AY267487), 3c 

(AY267498), 3e (AY267497), 3e2 (AY267495), 5/(AY267480), 3g (AY267523), 3h 

(AY267489), 3i (AY267486), 3i2 (AY267488), 3i3 (AY267484), 5A: (AY267518), 31 

(AY267496), 3m (AY267485), 3nl (AY267483), 3n2 (AY267481), 3n3 (AY267482); 3-

CB degraders from Oversite soil - ac (AY267475), (AY267493), ae (AY267472), af 

(AY267511), b (AY267517), c (AY267477),/(AY267531), g (AY267474), i 

(AY267492),7 (AY267478), k (AY267530), I (AY267525), m (AY267471), n3 
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(AY267491), (AY267473), r (AY267479), ^2 (AY267468), x (AY267470), 

(AY267514), z (AY267469), z2 (AY267476), z4 (AY267524); and 4-CB degraders from 

Oversite soil - ag (AY267519), ag3 (AY267520), ag4 (AY267513), ah (AY267521), ah2 

(AY267528), ah3 (AY267527), ai (AY267503), ai2 (AY267504), ai3 (AY267501), ai4 

(AY267516), ai5 (AY267508), aj (AY267509), a72 (AY267522), aji (AY267510), ayV 

(AY267506), a/ (AY267526), am (AY267507), (AY267499), e (AY267512), 

(AY267529), ^ (AY267515), w (AY267500), v (AY267502). 

G. Characterization of chlorobenzoate degradative genes in selected degraders 

Since the cbdA (2-halobenzoate dioxygenase) gene appears to be very conserved 

among different Burkholderia strains (Suzuki et al., 2001), we performed PGR on the 2-

CB degrading Burkholderia sp. having ERIC fingerprint a {Burkholderia sp. 2CBA) that 

we isolated in this study using the primers designed from Burkholderia sp. TH2. An ~ 

900 bp DNA fragment was amplified and sequenced. Database analysis of this sequence 

showed a 98 % amino acid identity and 97 % nucleotide identity with the cbdA sequence 

from Burkholderia sp. TH2 (Genbank # AB035324). The putative cbdA sequence from 

Burkholderia sp. 2CBA was submitted to GenBank and assigned accession number 

AY297949. We were unable to obtain gene-specific PGR amplification for any of the 

tested 3- or 4-GB degraders. 

Southern blot analysis indicated that the cbdA probe hybridized to the genomic 

DNA of Burkholderia sp. 2GB A (Fig. lOA). Two hybridized restriction fragments were 

shown for each the EcoRL and BamYil digested genomic DNA. The tfdC and tfdD probes 

both hybridized with single restriction fragments of the plasmid DNA from 3-GB 
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degraders with ERIC fingerprints j and n3 that were previously identified as Burkholderia 

spp. {Burkholderia sp. 3CBJ and Burkholderia sp. 3CBN3, respectively) (Fig. lOB & 

IOC). The molecular sizes of the restriction fragments were polymorphic between the 

two isolates. No hybridization signal was observed for the 3-CB degrader with ERIC 

fingerprintp {Burkholderia sp. 3CBP). 

V. Discussion 

It is interesting that although the two soils were similar biogeographically and 

physically they differed in the ability to degrade 2-, 3-, and 4-CB. Madera soil could 

degrade 500 |j,g of 2-and 4-CB g"^ but not 500 |j,g of 3-CB g"^ The Madera soil was 

capable of degrading 50, 100, or 200 |j,g of 3-CB g'^ indicating that the 3-CB degrader 

population that was inhibited by 500 |^g of 3-CB g"\ In past studies, we have found the 

Madera soil to actively degrade 500 |ig of 3-CB g"^ (Gentry et al., 2001), but there was a 

prolonged drought in the region prior to collection of the soil for this study which perhaps 

affected the phylogenetic composition of degraders in the Madera soil. Although 4-CB 

degraded in the Madera soil, we did not detect any 4-CB degraders. It is probable that 

the 4-CB was degraded by fungi, consortia, or even just microorganisms that were not 

culturable with the methods we used (Song et al., 2002). In contrast to the Madera soil, 

the Oversite soil readily degraded 500 ng of 3-and 4-CB g"' but not 500 jig of 2-CB g"'. 

It appears unlikely that the Oversite soil contained a 2-CB degrader population since it 

did not degrade lower concentrations of even 50 ^g of 2-CB g"'. The fact that 2-CB 

appeared to have minimal to no impact on culturable bacterial numbers also indicates that 
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the failure to detect 2-CB degraders in the Oversite soil was probably not due to the 

contaminant dose, but to an actual absence of degraders. 

Additionally, each individual soil appeared to have distinct microorganisms that 

specifically degraded only a single CB, either 2-, 3-, or 4-CB. For example, degraders 

were isolated from the Oversite soil that metabolized 3- or 4-CB, but none of the isolates 

that degraded 3-CB had the same ERIC fingerprint as any of the isolates that degraded 4-

CB and they generally belonged to different genera. In fact, most of the 3-CB degrading 

bacteria from the Oversite soil were more similar to the 3-CB degrading bacteria from the 

Madera soil than to the 4-CB degrading bacteria from the same Oversite soil. Many of 

the microorganisms in the literature that degrade multiple CBs have been isolated from 

contaminated soils (Hickey and Focht, 1990; Miguez et al., 1990), while the degraders 

from pristine soils are reported to be more limited in their degradation capabilities 

(Fulthorpe et al., 1996; Ramirez-Saad et al., 2000). The populations of 3- and 4-CB 

degraders in the Oversite soil also shifted during the experiment as evidenced by ERIC 

fingerprints of isolated degraders. Newby et al. (2000) found similar shifts in the 

populations of 2,4-D degraders in Madera soil. The 2,4-D degraders had received a self-

transmissible plasmid, containing the 2,4-D genes, from an introduced E. coli culture. 

While the degrader populations changed over time, it is unknovra if the diversity occurred 

due to E. coli transferring the plasmid to different indigenous soil bacteria or from 

successive plasmid transmission fi'om a soil bacterium to a different soil bacterium. We 

did not detect evidence of plasmid transfer during the duration of this study. However, it 

is probable that horizontal gene transfer was responsible for the origin of degradative 
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genes in some of the 3-CB degraders isolated from Oversite soil. Many of these 

degraders contained large plasmids, and at least two of the differently sized plasmids 

appeared to contain genes homologous to tfdC and tfdD from the modified ortho-

cleavage pathway of 3-CB degradation by R. eutropha JMP134 (Perkins et al., 1990). 

However, plasmid transfer probably does not explain the diversity of 4-CB degraders in 

the Oversite soil since plasmids were not as apparent in the 4-CB degraders. 

Additionally, the 3-CB degraders isolated from Madera soil, most of which also did not 

have plasmids, differed depending on whether the soil was exposed to 50,100, or 200 ng 

of 3-CB g"\ However, the differences could have been caused by sampling time and not 

the 3-CB concentration. The degraders were isolated from all three CB levels at 47 d. 

The 50, 100, and 200 pig 3-CB g"' degraded at different rates and thus were at different 

points when the samples were collected, and as shown in the Oversite soil, CB degrader 

populations differed over time depending on what stage at which the samples were 

collected. 

There are several striking results from the identification and characterization of 

the isolated 2-, 3-, and 4-CB degraders. Virtually all (97 %) of the 2-CB degraders 

isolated from the Madera soil had the same ERIC fingerprint and were 97 to 98 % similar 

(based on cbdA and 16S rDNA sequences) to the 2-CB degrader Burkholderia sp. TH2 

which was isolated in Japan (Suzuki et al., 2001). The researchers were also unable to 

detect a plasmid in Burkholderia sp. TH2 or to cure the strain of the ability to degrade 2-

CB, and thus concluded that the 2-CB genes were chromosomal. This differs from other 

2-CB degraders such as Burkholderia {Pseudomonas) cepacia 2CBS, which has the 2-CB 
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genes on a 70 kb plasmid (Haak et al, 1995). Additionally, there may be two copies of 

the chdA gene on the chromosome of our Burkholderia sp. 2CBA isolate. Two restriction 

fragments hybridized to the cbdA probe when the chromosomal DNA was digested with 

either BamHl or EcoRI, but the cbdA gene from Burkholderia sp. 2CBA does not have 

either an internal BamYil or EcoRI restriction site. It is possible that Burkholderia sp. 

2CB A contains both a gene for halobenzoate dioxygenase and also a related gene such as 

for benzoate dioxygenase thus resulting in the two hybridized bands. Ninety-seven 

percent of 3-CB degraders isolated from the Madera soil were identified as Burkholderia 

or Ralstonia spp. which are commonly found to degrade 3-CB (Don et al., 1985; Gentry 

et al., 2001). It is interesting that none of the 3-CB degraders from the Madera soil were 

most similar to Burkholderia spp. AZ102 or AZ163 which were the dominant 3-CB 

degraders we isolated from the same Madera soil in 2000 (Gentry et al., 2001). Both of 

these degraders were isolated from Madera soil amended with 500 ng 3-CB g'^ The fact 

the Madera soil in the current study could not metabolize 500 |j.g 3-CB g"' and did not 

appear to contain Burkholderia spp. AZ102 or AZ163 seems to agree with our conclusion 

that the ecology of chlorobenzoate degraders in the Madera soil changed between the 

previous study (2000) and the current study (2002). Interestingly, however, most (62 %) 

of the 3-CB degraders isolated from the Oversite soil were the most similar to 

Burkholderia spp. AZ163 (which we originally isolated from the Madera soil) when 

compared to the sequences in GenBank. The homology ranged from 97 to 100 % based 

on 16S rDNA sequences. Many of the 3-CB degraders from the Oversite soil that were 

similar to Burkholderia spp. AZ163 had plasmids that were larger than the plasmids 
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originally found in Burkholderia spp. AZ163. This seems to indicate that the spread of 

the similar Burkholderia spp. between the Madera and Oversite soils pre-dated the 

acquisition of the 3-CB degradative genes. Additionally, the 3-CB isolates from the 

Oversite soil contained several differently sized plasmids that also had different 

restriction patterns. Southern blot analysis revealed that at least two of these different 

plasmids appeared to contain homologous genes for the modified or^/zo-cleavage pathway 

of 3-CB degradation. However, at least one plasmid did not hybridize to the same genes 

possibly indicating degradation of 3-CB via a different pathway (Nakatsu et al., 1997). 

Some 3-CB degraders from the Oversite soil were also classified as Microbacterium spp. 

and a Rhodanobacter sp. which have been found to degrade complex organics such as the 

pesticides isoxaben and carbofuran (Arrault et al., 2002; Desaint et al., 2000). The 

majority (51 %) of 4-CB degraders from the Oversite soil were identified as 

Bradyrhizobium spp. based on 16S rDNA sequences. The genome of Bradyrhizobium 

japonicum USDAllO has recently been sequenced and contains a putative 4-CB-CoA 

ligase (Kaneko et al, 2002). The existence of this gene in our Bradyrhizobium spp. 

isolates would explain their ability to degrade 4-chlorobenzoate and also the lack of 

apparent plasmids in the 4-CB degraders since the 4-CB-CoA ligase gene would probably 

be chromosomal. We were unable to PCR-amplify DNA from the dominant 4-CB 

degrader {Bradyrhizobium sp. 4CBAG3) isolated in our study using primers based on the 

putative 4-CB-CoA ligase from B. japonicum USDAl 10. But, it is possible that our B. 

japonicum isolate contained a 4-CB-CoA ligase with a slightly different sequence than 

that of B. japonicum USDAl 10 resulting in no amplification with the primers we tested. 
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Other researchers have found 4-CB genes on transmissible plasmids but this does not 

appear to be the case for the Oversite soil since plasmids were not apparent in our 4-CB 

degrader isolates (Yi et al., 2000). The other 4-CB degraders were identified as genera 

commonly found to degrade 4-chlorobenzoate or complex organics including Alcaligenes 

sp., Microbacterium sp., Pseudomonas spp., Ralstonia sp., and Stenotrophomonas sp. 

(Desaint et al., 2000). Another striking difference between the 3- and 4-CB degraders 

from the Oversite soil is that none of the Burkholderia spp. in the Oversite soil were 

apparently able to degrade 4-CB. Numerous 3-CB degraders from the Oversite soil were 

identified as Burkholderia spp. but none of the 4-CB degraders isolated from the same 

soil were Burkholderia spp. Since Burkholderia spp. that degrade 4-CB have been 

reported in the literature (Babbitt et al., 1992) this re-asserts that 3- and 4-CB were 

degraded by different bacteria in the Oversite soil. 

In conclusion, even though the Madera and Oversite Canyon soils were similar 

biogeographically and physically, they differed in their ability to degrade 2-, 3-, and 4-

CB. Studies by other researchers have found soils with similar vegetation to contain 

similar populations of CB degraders, but in this case there appear to be other factors, 

perhaps even temporal fluctuations, which impacted the presence or absence of 2-, 3-, 

and 4-CB degraders. In addition, 2-, 3-, and 4-CB were degraded by different bacteria 

within a given soil. Populations of specific 3- and 4-CB degraders shifted over time in 

the Oversite soil. The 3-CB degraders isolated from Madera soil that received 50, 100, or 

200 |xg of 3-CB g'Miffered depending on the 3-CB level, possibly indicating that 

different degrader populations developed in response to amendment with higher levels of 
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3-CB. Additionally, the origin of degradative genes in many of the isolated 3-CB 

degraders may have been due to gene transfer events, as several of the isolated 3-CB 

degraders contained large plasmids, and at least two of the different plasmids appeared to 

contain homologous 3-CB degradative genes. 
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Table 1. Selected characteristics of Madera and Oversite Canyon soils. 

Texture 

Soil Vegetation Elevation pH Organic C N Sand Silt Clay 

-- m -- % 

Madera scrub oak 1679 6.5 2.6 0.17 76 20 

Oversite scrub oak 1661 6.8 2.8 0.23 74 21 
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Table 2. Primers and probes used for characterization of 2-, 3-, and 4-chlorobenzoate 
(CB) genes in isolated degraders. 

CB Probe Primer Primer Sequence (5'-3') Source 

2-CB cbdA cbdA-F TTTCTCGCACACGAAAGTCAG Suzuki et al., 2001 
cbdA-R ATCCTCGTATTGACGGATTCG Suzuki et al., 2001 

3-CB tfdC tfdC-F AGTGAACAAAAGAGTCAAGGATG This study 
tfdC-R CTCGATAACGAAGTTGATGTTC This study 

tfdD tfdD-F AGATGTCGATCACTACCGTGCA This study 
tfdD-R GACCTACGCCAGTGGGAACCT This study 

4-CB -- 4CB-F GCGATCCAATGCGATTGCCT This study 
4CB-R ATGATCTCGCCCTCCTCGCCA This study 
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Table 3. Number of 3-chlorobenzoate (3-CB) degraders and culturable bacteria in the 3-
CB dose response assay Madera soil 47 d after soil was amended with 50, 100, 200, or 
500 fxg 3-CB g'^ Data represents the mean of three replicate microcosms. 

3-Chlorobenzoate Culturable 
3-Chlorobenzoate Level Degraders Bacteria 

CFU g-' 

50 ^ig 3-CB g-' 0.9 (±1.2)xl0^* 2.9 (+ 1.0) X 10' 

100 lag 3-CB g"^ 1.2 (± 0.7) X 10^ 3.7 (± 1.0) X 10' 

200 ^ig 3-CB g-^ 6.1 (±4.4)xl0^ 4.2 (± 3.5) X 10' 

500 lag 3-CB g"^ ND" 8.8 (± 1.0) X 10' 

* Less than 30 degrader colonies per plate detected at indicated data point. 

** No chlorobenzoate degraders detected. 
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Table 4. Semiquantitative analysis of 2-chlorobenzoate (2-CB) degraders isolated at 
selected times from Madera soil following amendment with 500 i4,g 2-CB g"^ 

ERIC Fingerprint 
Day 

Isolated a ab 

% 

4 100 0 

7 100 0 

11 94 6 
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Table 5. Identification of 2-, 3-, and 4-chlorobenzoate (CB) degraders isolated from 
Madera and Oversite soils. Isolates representing each ERIC fingerprint are listed along 
with the closest sequence match in GenBank based on 16S rDNA sequences.* 

Isolate Identity ERIC Fingerprint(s) % of Isolates 

Madera 2-CB 
Burkholderia sp. N3P2 a 97 
Lysobacter sp. XLl ab 3 

Madera 3-CB 
Bradyrhizobium sp. ORS206 
Burkholderia glathei 
Burkholderia sp. JS150 
Burkholderia sp. LMG 21262 
Ralstonia campinensis LMG 20576 
Ralstonia campinensis LMG 20579 

3g, 3k 3 
3f, 3nl, 3n2, 3n3 15 
3a 21 
3b, 3h, 3i, 3i2, 3i3, 3m 49 
3c 1 
3e, 3e2,31 11 

Oversite 3-CB 
Burkholderia brasiliensis M130 
Burkholderia sp. AZ163 
Burkholderia sp. JRBl 
Microbacterium arabinogalactanolyticum 
Microbacterium sp. YK18 
Pseudomonas putida 
Pseudomonas sp. K23 
Rhodanobacter sr). D46 

ad, i, n3 22 
ac, ae, c, g, j, m, p, s2, x, z, z2 62 
r 1 
f 9 
k, 1, z4 3 
af 1 
y 1 
b 1 

Oversite 4-CB 
Alcaligenes fecalis ai3, u, v 3 
Bradyrhizobium japonicum ag, ag3, ah, aj2 51 
Microbacterium sp. YK18 ah2, ah3, al, s 33 
Pseudomonas aeruginosa PAOl ai4, t 2 
Pseudomonas mosselii ai5 1 
Pseudomonas putida ag4, aj, aj3, e 5 
Pseudomonas sp. HhSoUsc aj4, am 2 
Ralstonia sp. S23 bb 1 
Stenotrophomonas maltophilia ai, ai2 2 

* Homology levels ranged from 97 to 100 % similarity between the query and database 
sequences except for Burkholderia sp. AZ163 and ae (96 %), Microbacterium sp. YK18 
and k (95 %), and Rhodanobacter sp. D46 and b (94 %). 
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Figure 1. Overview of selected degradation pathways for 2-chlorobenzoate 
(Tsoi et al., 1999), 3-chlorobenzoate (Nakatsu et al., 1997), and 4-
chlorobenzoate (Dunaway-Mariano and Babbitt, 1994). 
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Figiire 2. Levels of 2-, 3-, and 4-chlorobenzoate (CB) in (A) Madera and 
(B) Oversite soils after amendment with 500 |4.g CB g-1. Error bars 
represent the standard deviation of three replicate microcosms. 
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A. Madera with 3-Chlorobenzoate 
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Figure 3. Levels of (A) 3-chlorobenzoate (CB) in Madera soil and (B) 2-CB in 
Oversite soil following amendment with 50, 100, 200, or 500 |^g CB g-1 in the 
dose response assays. Error bars represent the standard deviation of three 
replicate microcosms. 
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Figure 4. Number of culturable bacteria in (A) Madera and (B) Oversite soils after 
amendment with 500 |j,g 2-, 3-, or 4-chlorobenzoate (CB) g-1. Error bars 
represent the standard deviation of three replicate microcosms. 
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Figure 5. Number of 2-, 3-, and 4-chlorobenzoate (CB) degraders in (A) 
Madera and (B) Oversite soils after amendment with 500 ng CB g-1. Error 
bars represent the standard deviation of three replicate microcosms. * Less 
than 30 degrader colonies per plate detected at indicated data points. 
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A. Oversite with 3-Chlorobenzoate 

ERIC Fingerprint 

B. Oversite with 4-ChIorobenzoate 

/A ^ ^ 
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Figure 6. Semiquantitative analysis of (A) 3-chlorobenzoate (CB) degraders 
and (B) 4-CB degraders isolated at various times from Oversite soil following 
amendment with 500 i^g CB g-1. ERIC fingerprints of isolated degraders are 
plotted as percentage of total isolates against sampling day. 



ERIC Fingerprint 

Figure 7. Semiquantitative analysis of 3-chlorobenzoate (3-CB) degraders 
isolated from Madera soil in the dose response assay following 
amendment with 50,100, or 200 |^g 3-CB g-1. ERIC fingerprints are 
plotted as a percentage of total isolates against 3-CB concentration of 
originating microcosm. 
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Figure 8. Plasmid screens of selected 2-, 3-, or 4-chlorobenzoate (CB) 
degraders isolated from Madera and Oversite soils. The 85 kb plasmid 
from the 3-CB degrader C. testosteroni BR60 was nm in lane 1 as a 
positive control. A negative control was run on another gel. 
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Figure 9. Phylogenetic tree of isolated 2-, 3-, and 4-chlorobenzoate (CB) 
degraders based on partial 16S rDNA sequences. Degraders are identified 
by the soil isolated from and CB degraded along with their ERIC 
fingerprint in parentheses. 
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Figure 10. Southern blot analysis of selected 2- and 3-CB degraders. (A) 
Genomic DNA of Burkholderia sp. 2CBA hybridized with cbdA. Lanes 
1 '.BarnHl digestion; 2: EcoiRL digestion; (B) Plasmid DNA from 3-CB 
degraders digested with BamRl and hybridized with tfdC. DNA in lanes 1, 
2, and 3 were from Burkholderia spp. 3CBJ, 3CBP, and 3CBN3, 
respectively. (C) Plasmid DNA from 3-CB degraders digested with BamUl 
and hybridized with tfdD. DNA in lanes 1, 2, and 3 were from 
Burkholderia spp. 3CBJ, 3CBP, and 3CBN3, respectively. Southern Blot 
analysis was performed by Dr. Gejiao Wang. 
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Abstract 

Introduced degraders often do not survive when applied to polluted sites; 

however, the potential for successftil bioaugmentation may be increased if activated soil 

(containing an active, indigenous degrader population previously exposed to the 

contaminant) or potentially active soil (containing an indigenous degrader population not 

previously exposed to the contaminant) is used as the inoculant. To investigate this 

concept, Madera and Oversite soils were amended with 0 or 500 micrograms of 2-, 3-, or 

4-chlorobenzoate per gram dry soil. The Madera degraded 2-chlorobenzoate while the 

Oversite degraded 3- and 4-chlorobenzoate. After 22 days of incubation, non-active soils 

that had not degraded chlorobenzoate were bioaugmented with the appropriate activated 

soil that had been exposed to and previously degraded chlorobenzoate. Thus, Oversite 

soil that had not degraded 2-chlorobenzoate was bioaugmented with Madera soil that had 

degraded 2-chlorobenzoate. Likewise, Madera soil that had not degraded 3- or 4-

chlorobenzoate was bioaugmented with the Oversite soil that had degraded 3- or 4-

chlorobenzoate. Additionally, the non-active soils were bioaugmented with the 

corresponding potentially active soils (same soils as the activated soils but without pre

exposure to chlorobenzoate). The Oversite soil amended with activated Madera soil 

degraded the 2-chlorobenzoate within 3 days of bioaugmentation. The Madera soil 

amended with activated Oversite soils degraded the 3- and 4-chlorobenzoate within 20 

and 6 days, respectively. Large numbers of degraders were detected in microcosms 

bioaugmented with activated soil. In contrast, bioaugmentation with potentially active 
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soil did not impact degradation. The results indicate the potential for bioaugmentation 

with activated soil to enhance contaminant degradation. 

1. Introduction 

Bioaugmentation may be necessary to achieve an acceptable level or rate of 

remediation under conditions where contaminant-degrading microorganisms either do not 

exist at a site, only occur in low numbers, or are inhibited by pollutant toxicity. 

Unfortunately, exogenous microorganisms often do not survive when introduced to a site 

due to a variety of biotic and abiotic conditions such as competition from indigenous 

microorganisms, predation, nutrient limitations, pH, and pollutant toxicity (Alexander 

1999; van Veen et al. 1997; Vogel 1996). 

Various inoculant delivery methods have been developed in order to increase the 

chances that the introduced microorganisms will become successfully established (Pepper 

et al. 2002; van Veen et al. 1997). One method is to apply the microorganisms to the site 

attached to or inside, a solid matrix such as peat, clay, or alginate (van Veen et al. 1997). 

These carriers not only buffer the inoculant from the harsh abiotic conditions and 

pollutant toxicity that may exist at the site, but also help protect the inoculant from 

predation (Smit et al. 1996). Another less heralded technique is the use of activated soil 

as the inoculant (Barbeau et al. 1997; Dejonghe et al. 2001; Gentry et al. 2003b; Runes et 

al. 2001). In this method, soil that has been exposed to the contaminant of interest and 

contains a developed degrader population is used as the inoculant. This method may 

appear to be less scientific but has the potential advantages of: 1) introduction of a 
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naturally-developed degrader population(s) that may be composed of several members or 

even consortia that would not be as effective if they were isolated and applied to the site 

as pure cultures; 2) the degraders are not cultured outside of the soil and thus do not lose 

their ability to compete in the environment as is often observed for lab-cultured strains; 

and 3) potential inclusion of unculturable degraders that would be missed in attempts to 

isolate and culture an organism from one site in order to introduce the organism to 

another site. 

The downside to the use of activated soil is that then soil inoculant would need to 

have been previously contaminated soil resulting in the addition of more hazardous 

material to the original site. Site managers trying to remediate a given site may be 

hesitant to add even more contaminants to such a site. However, if previously 

uncontaminated soil, with a naturally developed population of microorganisms that could 

degrade a chemical of interest were used as the inoculant, it would alleviate the concerns 

of adding additional contaminants to the site. 

In this study, we investigated the potential of bioaugmentation with either newly 

activated or potentially active soil to enhance contaminant degradation in non-active soil. 

As discussed in the literature, activated soil has been exposed to the contaminant of 

interest and contains a degrader population that has eliminated the contaminant. Our 

definition of activated soil for this experiment also includes previously uncontaminated 

soil that has been freshly exposed to and degraded anthropogenic levels of the 

contaminant immediately prior to use of the soil for bioaugmentation (Table 1). We have 

defined potentially active soil as the same activated soil prior to contaminant exposure -
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it contains a naturally developed degrader population but has not been exposed to the 

anthropogenic contaminant. The major distinction between potentially active and 

activated soil is that in the former case, the small population of indigenous degraders has 

not been exposed to the contaminant of interest, while in the latter case, the indigenous 

degrader population has been exposed to and degraded the contaminant, likely resulting 

in increased degrader numbers. In either situation, the soil would not have been exposed 

to contaminants other than the chemical of interest. We also define non-active soil as soil 

that has been contaminated but either does not contain a degrader population or the 

degrader population is not active under existing conditions, thus resulting in no 

degradation of the contaminant. 

For this study, we collected two soils from geographically comparable locations. 

The two soils were also similar physically and chemically. We used 2-, 3-, and 4-

chlorobenzoate (CB) as contaminants. CB degraders are normally widely distributed and 

diverse (Fulthorpe et al. 1998; Suzuki et al. 2001; Yi et al. 2000); however, in some soils, 

CB degraders are either not present or are not active under existing conditions (Focht and 

Shelton 1987; Gentry et al. 2001). Also, 2-, 3-, and 4-CB tend to be degraded by 

different pathways and microorganisms, thus being ideal for identifying soils differing in 

the ability to degrade 2-, 3-, and 4-CB, for subsequent use in soil bioaugmentation 

studies. The CB levels were monitored throughout the study. Additionally, past studies 

investigating the use of activated soil for bioremediation have focused on contaminant 

degradation, but have not investigated the development of degrader populations in the 

bioaugmented soil (Barbeau et al. 1997; Runes et al. 2001). Therefore, we enumerated 



158 

and isolated CB degraders in bioaugmented soil, and compared resulting populations to 

those occurring in the activated soil used for the inoculant. 

II. Materials and methods 

A. Soils 

Soils were collected from the surface horizons of pristine, forested sites in Madera 

Canyon and Oversite Canyon of the Coronado National Forest near Tucson, AZ. 

Selected characteristics of both soils are listed in Table 2. Field-moist soil was passed 

through a 2-mm sieve and 100 g dry weight equivalent added to polypropylene jars. 

Sterile deionized water was added to bring the soils to the same water potential (140 % of 

-0.3 MPa) slightly below field capacity. Microcosms were incubated for 7 d at 27 °C to 

allow for acclimation of indigenous microorganisms prior to imposing treatments. 

B. Initial ehlorobenzoate exposure to soils 

In a concurrent experiment, soils were initially amended with 2-, 3-, or 4-CB 

(Gentry et al. 2003a). Stock solutions of 2-CB (98%, Aldrich Chemical Co. Inc., 

Milwaukee, WI), 3-CB (99%, Sigma Chemical Co. Inc., St. Louis, MO), and 4-CB (99%, 

Aldrich) were prepared similar to the method described by Di Giovarmi et al. (1996) for 

2,4-dichlorophenoxyacetic acid (2,4-D). Microcosms, containing Madera or Oversite 

Canyon soil, were amended with 0 or 500 |j,g of the respective CB g"' dry soil. All 

treatments were conducted in triplicate. Sterile, deionized water was then added to both 

soils bringing the soil water potential to the same level (175 % of -0.3 MPa) at 

approximately field capacity. Microcosms were incubated at 27°C. The Madera soil 
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degraded only the 2-CB within 21 d of incubation in contrast to the Oversite soil that 

degraded only the 3- and 4-CB within 21 d (Table 3) (Gentry et al. 2003). 

C. Bioaugmentation with activated or potentially active soil 

After 22 d of incubation, treatments from each non-active soil that had not 

degraded CB were bioaugmented with the appropriate activated soil that had been 

exposed to, and degraded, the chemical of concern (Fig. 1) (Table 3). Twenty g (dry wt.) 

of each respective non-active soil was amended with 1 g (dry wt.) of the appropriate 

activated soil. Thus, Madera soil that had not degraded 3-CB or 4-CB was bioaugmented 

with the Oversite soil that had degraded 3-CB or 4-CB. Likewise, Oversite soil that had 

not degraded 2-CB was bioaugmented with Madera soil that had degraded 2-CB. 

Additionally, non-active soils were bioaugmented with the potentially active soils (not 

exposed to CB) corresponding to the activated soils used above (Fig. 1). 

D. Assessment of chlorobenzoate degradation 

The CB extraction was performed by placing 1.2 g moist soil into 9.5 ml of 

extracting solution (6 |4,M Zwittergent detergent and 0.2% sodium hexametaphosphate) 

(Brendecke et al. 1993) and mixing at high setting on a horizontal shaker for 5 min. 

Following mixing, a 1.0-ml aliquot of the soil-extraction solution was placed in a 1.5-ml 

microcentrifuge tube and centrifuged at 16,000 X g for 10 min. Supernatants were 

passed through 0.22 |j,m pore-size polypropylene filters prior to HPLC analysis. The 

concentration of CB was determined using HPLC as previously described (Gentry et al. 

2001). 
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£. Measurement of culturable heterotrophic and chlorobenzoate-degrading bacteria 

Culturable bacterial and CB degrader numbers were determined after > 90% of 

the respective CB was degraded in a microcosm. The soil extraction solution from the 

CB quantification was serially diluted in 0.85 % NaCl buffer. Numbers of culturable CB 

degraders were determined by spread-plating 0.1 ml of the appropriate dilution onto 

Bushnell-Haas Agar (BH) containing 500 mg of the appropriate CB 1"' as a C source 

(Atlas 1993). Fifty mg of bromthymol blue 1"' was added to BH as a pH indicator. Noble 

agar (Difco, Detroit, MI) was utilized as the solidifying agent in BH in order to reduce 

the presence of undesirable C compounds. Heterotrophic bacteria were enumerated on 

R2A (Difco). Plates were counted after incubation at 27°C for 6 d (R2A) or 14 d (BH). 

F. Identification and characterization of dominant chlorobenzoate degraders 

Dominant CB degraders were isolated during the study. About 40 bacteria were 

randomly selected from plates at the highest (most dilute) dilution that produced a 

countable number of bacterial colonies. Isolated bacteria were streaked to purity on the 

appropriate BH plates prior to a final streak onto R2A. Approximately one colony of 

bacterial cells was harvested, placed into 20 |al of sterile, molecular-grade water, and 

stored at -20°C until analysis. Isolated degraders were grouped based on DNA 

fingerprints generated using enterobacterial repetitive intergenic consensus sequence 

(ERIC) PCR (Versalovic et al. 1991). Fingerprints were performed using the FailSafe™ 

PCR System (Epicentre, Madison, WI). Primers from Versalovic et al. (1991) (0.1 |j,M in 

reaction) were added to FailSafe'^'^ PCR 2X PreMix F and Enzyme Mix according to the 
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manufacturer's instructions. The PCR reaction was conducted in a GeneAmp® PCR 

System 2700 (Applied Biosystems, Foster City, CA) with an initial denaturation step for 

7 min at 95°C followed by 35 cycles of denaturation for 30 s at 94°C, annealing for 30 s 

at 52°C, and extension for 4 min at 68°C. The PCR products were visualized on a 1.2% 

agarose gel following electrophoresis and ethidium bromide staining. Selected bacteria 

from each ERIC profile were identified by 16S rDNA PCR using the procedure outlined 

by Gentry et al. (2001) and compared to sequences in GenBank with BLASTN 2.2.5 

(Altschul et al. 1997). Isolated degraders were also screened for the presence of large 

plasmids according the method of Kado and Liu (1981). Comamonas testosteroni BR60 

containing an 85-kb plasmid was used for the positive control in the plasmid screen 

(Nakatsu et al. 1997). 

Representative degrader isolates were inoculated into modified M9 broth (without 

glucose or thiamine) (Atlas 1993) containing 100 mg of the respective CB 1"' in order to 

confirm the ability to degrade CB. UV spectroscopy was used to assess CB levels after 

centrifuging 1-ml broth samples at 16,000 X g for 10 min. Absorbance of the supernatant 

was read at 230 nm with a SPECTRONIC® GENESYS^^^ 2 UV spectrophotometer 

(Milton Roy Co., Rochester, NY), and CB concentration was determined based on a 

standard curve. 

G. Statistical analysis 

Microbial numbers were compared as logio-transformed values using single-factor 

analysis of variance (ANOVA) (Parkin and Robinson 1994). Maximum degrader 



numbers detected in the Madera and Oversite soils amended with 2-, 3-, or 4-CB were 

compared as logio values using a two-factor ANOVA with soil and CB as the factors. 

Calculated P values < 0.05 were considered significant. Microsoft Excel 2000 version 

was used to perform all tests. 

III. Results 

A, Chlorobenzoate degradation following bioaugmentation 

Bioaugmentation with activated soil increased degradation of each 2-, 3-, and 4-

CB (Fig. 2). In contrast, bioaugmentation with the corresponding, potentially active soil 

did not impact CB degradation. The 2-CB in the Oversite soil was virtually eliminated 

(18 ± 11 fxg 2-CB g"') within 3 d after bioaugmentation with activated soil (25 d total 

incubation). In contrast, 359 ±31 and 395 ± 10 |ig 2-CB g"' soil remained at the end of 

the experiment (41 d after bioaugmentation, 63 d total) in the microcosms bioaugmented 

with potentially active soil and in the initial, non-bioaugmented microcosms, 

respectively. The 3-CB in the Madera soil was mostly degraded (29 ± 21 ng 3-CB g"') 

within 20 d of bioaugmentation with activated soil (42 d total). Conversely, 367 ± 10 and 

395 ± 24 |ig 3-CB g"^ soil remained at the end of the experiment (41 d after 

bioaugmentation, 63 d total) in the microcosms bioaugmented with potentially active soil 

and in the initial, non-bioaugmented microcosms, respectively. In contrast, 4-CB 

degraded in all tested microcosms. The 4-CB in the Madera soil bioaugmented with 

activated soil was completely degraded 6 d after bioaugmentation (28 d total). 

Additionally, 13 d after bioaugmentation (35 d total), the 4-CB was completely degraded 



in Madera microcosms amended with potentially active soil and was mostly degraded (23 

± 13 |ig 4-CB g"') in the initial, non-bioaugmented Madera microcosms. 

B. Enumeration of chlorobenzoate degraders and culturable bacterial populations 

The numbers of CB degraders and culturable bacteria were measured in 

microcosms that degraded the respective CB after > 90 % of the CB was degraded (Table 

4). The number of 4-CB degraders that developed in the Madera soil bioaugmented with 

activated soil (2.6 x 10^ CFU g"') was slightly higher than the number of 2-CB degraders 

8 1 that developed in the Oversite soil bioaugmented with activated soil (1.2 x 10 CFU g") 

(P = 0.02). About 10^ CFU of 3-CB degraders g"' were detected in the Madera soil with 

3-CB that was inoculated with activated soil, and their numbers were lower than both 2-

CB and 4-CB degraders in soils bioaugmented with activated soil (P < 0.001 for each). 

O 1 ^ ^ 

Culturable bacterial numbers were approximately 10 CFU g" in all tested microcosms. 

No 4-CB degraders were detected in the Madera microcosms bioaugmented with 

potentially active soil or the initial, non-bioaugmented Madera microcosms even though 

4-CB degradation occurred. Degraders and culturable bacteria were not assessed in the 

microcosms that did not degrade CB: 1) initial, non-bioaugmented Oversite soil with 2-

CB; 2) Oversite soil with 2-CB, bioaugmented with potentially active soil; 3) initial, non-

bioaugmented Madera soil with 3-CB; and 4) Madera soil with 3-CB, bioaugmented with 

potentially active soil. 

In order to understand the phylogenetic dynamics of CB degrader populations that 

became established in the bioaugmented soil, the number of degraders detected in the 

microcosms bioaugmented with activated soil (that demonstrated enhanced CB 
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degradation) were compared with the maximum number of degraders observed in the 

initial, activated soil from the concurrent experiment (which was later used for activated 

soil bioaugmentation in this experiment) (Gentry et al. 2003a) (Table 5). For example, 

we directly compared the maximum number of 2-CB degraders detected in the initial 

Madera/2-CB microcosms, from the concurrent experiment, with the number of 

degraders detected in the Oversite/2-CB soil, from the current experiment, that was 

bioaugmented with activated soil from the initial Madera/2-CB microcosms. This 

allowed us to determine if a given soil was more conducive to the establishment of 

degrader populations. In most cases, the Oversite soil had higher degrader numbers than 

the Madera soil for a given CB. The 2-CB degraders numbers were higher in the 

Oversite soil (1.2 x 10^ CFU g"') than the Madera soil (1.3 x 10^ CPU g'^) (P = 0.02). 

Likewise, the 4-CB degrader numbers were higher in the Oversite soil (8.9 x 10^ CFU g" 

') than the Madera soil (2.6 x 10^ CFU g"') (P < 0.001). However, 3-CB degrader 

numbers were not significantly higher in the Oversite soil (2.8 x 10^ CFU g"^) than the 

Madera soil (4.1 x 10^ CFU g'^) (P = 0.72). When the degrader numbers were compared 

with a two-factor ANOVA using soil (Madera or Oversite) and CB (2-, 3-, or 4-CB) as 

the factors, both soil (P = 0.01) and CB (P < 0.001) impacted degrader numbers, but there 

was no soil x CB interaction (P = 0.27). 

C. Characterization of dominant chlorobenzoate degraders 

Approximately 40 CB degraders were isolated from the microcosms 

bioaugmented with activated soil and characterized (Table 6). All of the 2-CB degraders 
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isolated from the Oversite soil were a single Burkholderia sp. The majority (92 %) of 3-

CB degraders from the Madera soil were identified as a Burkholderia sp., and a smaller 

portion (8 %) was identified as a Microbacterium sp. Most of the 4-CB degraders from 

the Madera soil were a Bradyrhizobium sp. (60 %), with the rest being Alcaligenes sp. 

(27 %) or Microbacterium spp. (13 %). All of the isolated 2- and 3-CB degraders 

matched those previously isolated from the respective initial, activated soils (Gentry et al. 

2003). In contrast, while most (60 %) of the 4-CB degraders were the Bradyrhizobium 

sp. originally found in the initial, activated soil, three new strains of 4-CB degraders 

including an Alcaligenes sp. and two Microbacterium spp. were detected. The partial, 

16S rDNA sequences for the unique 4-CB degraders isolated in this experiment were 

submitted to GenBank and assigned the accession numbers: AY267533 (Alcaligenes sp. 

TUT1002), AY267534 {Microbacterium sp. RZ-109), and AY267535 {Microbacterium 

imperiale) - the closest GenBank matches for each isolate are indicated in parentheses. 

No plasmids were detected in isolated 2-CB (Fig. 3) (lane 1) or 4-CB degraders (lanes 5 

and 6) (Gentry et al. 2003a). In contrast, a large plasmid was detected in isolated 3-CB 

degraders that were identified as a Burkholderia sp. (lanes 2-4). 

IV. Discussion 

Bioaugmentation with activated soil resulted in enhanced CB degradation, but no 

effect was seen following bioaugmentation with the potentially active soil (the same soil 

as the activated soil but without CB exposure). The most likely explanation for this 

difference is larger degrader numbers in the activated soil than in the potentially active 
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soil. The activated soils had 10^ to 10^ CFU degraders g"' when used for 

bioaugmentation. In contrast, the degrader numbers in the potentially active soils were 

below the limit of detection. It is possible that the microcosms bioaugmented with 

potentially active soils would have eventually degraded the CB if the experiment were 

carried out for a longer duration. The 2-CB in the initial, activated Madera soil and the 3-

CB and 4-CB in the initial, activated Oversite were mostly degraded within 11, 14, and 

21 d of the initial contamination, respectively. For bioaugmentation, 1 g of activated or 

potentially active soil was placed into 20 g of non-active soil thus resulting in a 21-fold 

dilution of degrader numbers. The experiment was carried out for 42 d after 

bioaugmentation but this may have not been long enough for the diluted, low initial 

number of degraders in the potentially active soil to become a significant population. 

Also, even though 4-CB degraded in the Madera soil bioaugmented with potentially 

active soil and in the initial, non-bioaugmented Madera soil, no 4-CB degraders were 

detected in either case. It is possible that consortia, fungi, or unculturable degraders were 

responsible for 4-CB degradation in those microcosms (Song et al. 2002). 

Large populations of CB degraders developed in the soils bioaugmented with 

activated soil indicating that the soils which previously did not harbor a functional 

degrader population could develop and maintain a degrader population if the appropriate 

microorganisms were added to the soil. However, the degraders introduced in the form 

of the activated soils did have the advantage of relatively large numbers being added to 

the soil. The conclusions regarding the ability of the bioaugmented soil to establish a 

degrader population would have been stronger if degraders had become established in the 
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non-active soil following bioaugmentation with the potentially active soil harboring a 

small, indigenous degrader population. 

It is interesting that when the maximum CB degrader numbers found in the 

activated soil (Gentry et al. 2003a) were compared to those in the previously non-active 

soil after receiving the activated soil as an inoculant, the Madera soil produced lower 

numbers of degraders than did the Oversite soil in most cases. The Madera soil appears 

to have been more antagonistic to CB degrader populations. We theorize that this 

difference is due to microbial competition and not abiotic factors since the two soils were 

very similar physically and chemically. The difference between the Madera and Oversite 

soil is also indicated by the diversity of 2-, 3-, and 4-CB degraders isolated from the two 

soils in the initial, activated microcosms (Gentry et al. 2003a). In the initial, activated 

Madera soil with 2-CB, only one species of 2-CB degrader was isolated. In contrast, 

several different 3- and 4-CB degraders were isolated from the initial, activated Oversite 

soil amended with 3- or 4-CB. The Madera soil may have been more selective since it 

produced only one population of dominant 2-CB degraders; however, this is not known 

for certain since there may have just been more natural diversity in the 3- and 4-CB 

degraders. 

Most of the degraders isolated from the previously non-active soil after 

bioaugmentation with activated soil were the same degraders previously isolated from the 

activated soil inoculant (Gentry et al. 2003a). The 2-CB degraders were 98 % similar 

based on partial 16S rDNA sequences to the 2-CB degrader Burkholderia sp. TH2 which 

was isolated in Japan (Suzuki et al. 2001). The 3-CB degraders were identified as 
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Burkholderia sp. or Microbacterium sp. which are commonly reported to degrade CB or 

complex organics (Arrault et al. 2002; Gentry et al. 2001). The 3-CB-degrading 

Burkholderia sp. did contain a large plasmid, but we detected no plasmid transfer to 

indigenous bacteria in the bioaugmented soil (Newby et al. 2000). Also, as in the 

activated soil inoculant, most of the 4-CB degraders isolated from the bioaugmented soil 

were identified as a Bradyrhizobium sp. This is not surprising since Song et al. (2000) 

isolated a 4-fluorobenzoate degrading Bradyrhizobium sp. from pond sediment, and a 

putative 4-CB degradative gene has been identified in Bradyrhizobium japonicum USDA 

110 (Kaneko et al. 2002). We did detect new populations of 4-CB degraders in the 

previously non-active Madera soil after bioaugmentation with activated Oversite soil, but 

these degraders were similar to those degraders isolated from the initial, activated 

Oversite soil based on 16S rDNA sequences. This similarity probably indicates that the 

new degraders represented minor populations in the Oversite soil that were more 

competitive in the Madera soil, and thus became more dominant following 

bioaugmentation. The fact that plasmids were not apparent in the 4-CB degraders also 

implies that the new degrader populations did not result from horizontal gene transfer 

events. 

V. Conclusions: 

This research demonstrates that previously uncontaminated soil that contains a 

specific, activated indigenous degrader population can be successfully used as a 

bioaugmentation inoculant following exposure to the contaminant of interest. Based on 
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our research, it is unclear if the same uncontaminated soil containing a potentially active 

indigenous degrader population can be successfully used for bioaugmentation without 

pre-exposure to the contaminant. Large populations of CB degraders developed in 

microcosms inoculated with activated soil indicating the ability of degraders to become 

functionally established in the bioaugmented soils. The Madera soil appeared to be more 

suppressive to the development of CB degrader populations than was the Oversite soil. 

For each 2-, 3-, and 4-CB, the degraders that developed in microcosms bioaugmented 

with activated soil appeared to have originated from the activated soil inoculant with no 

evidence indicating transfer of degradative genes to indigenous bacteria in bioaugmented 

microcosms. 
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Table 1. Description of activated, non-active, and potentially active soil. 

Exposure to Contains Degrader Degradation of 
Term Contaminant Population Contaminant 

Activated Soil yes yes yes 

Non-Active Soil yes/no no no 

Potentially Active Soil no yes 
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Table 2. Selected characteristics of Madera and Oversite Canyon soils. 

Texture 

Soil pH Organic C N Sand Silt Clay 

% 

Madera 6.5 2.6 0.17 76 20 4 

Oversite 6.8 2.8 0.23 74 21 5 
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Table 3. Contaminant concentrations and degrader numbers in the initial Madera and 
Oversite microcosms 21 d after amendment with 0 or 500 |j.g 2-, 3-, or 4-CB g"'. 
(Adapted from Gentry et al. 2003a). 

CB CB Degrader 
Soil Contaminant Concentration Numbers' 

-- l^g g"' -- - CFU g-'-

Madera None None < 3 . 0 x  1 0 ^  

Madera 2-CB <5 7.3 X 10^ 

Madera 3-CB 426 ±21 < 3 . 0 x  1 0 ^  

Madera 4-CB 459 ±4 < 3 . 0 x  1 0 ^  

Oversite None None < 3 . 0 x  1 0 ^  

Oversite 2-CB 431 ± 14 < 3 . 0 x  1 0 ^  

Oversite 3-CB <5 4.9 x 10^ 

Oversite 4-CB 55± 12 8.9 x 10^ 

* 1 •  

Numbers in a column followed by the same lower case letter are not significantly 
different at the 5% level. 

1 • 3 1 Degrader numbers are listed as < 3.0 x 10 CFU g" (the approximate limit of detection) 
for treatments where no degraders were detected. 
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Table 4. Numbers of CB degraders and culturable bacteria in Madera and Oversite 
Canyon soils following bioaugmentation with activated soil. 

Sampling Time' Microbial Numbers 

Total Days After CB Culturable 
Soil Contaminant Incubation Bioaugmentation Degraders Bacteria 

d CPU g' 

Oversite 2-CB 25 3 1.2 X 10' b* 2.6 X lO** a 

Madera 3-CB 42 20 4.1 X 10® a 4.6 X 10^ ab 

Madera 4-CB 28 6 2.6 X 10^ c 5.8 X 10^ b 

* Numbers in a column followed by the same lower case letter are not significantly 
different at the 5% level. 

' Microbial numbers were assessed when > 90 % of the contaminant was degraded. 
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Table 5. Maximum number of CB degraders detected in Madera and Oversite Canyon 
soils following contaminant exposure and the subsequent bioaugmentation with activated 
soil. 

Original Bioaugmented 
Microcosms' Microcosms^ 

Chlorobenzoate Madera Oversite Madera Oversite 

CPU g-' 

2-CB 1 . 3 x 1 0 ^  a* < 3 . 0 x  1 0 ^  NB 1 . 2 x  1 0 ® b  

3-CB < 3 . 0 x  1 0 ^  2.8 X 10^ a 4.1 X lOS NB 

4-CB < 3 . 0 x  1 0 ^  8.9 X 10® b 2.6 X 10® a NB 

* Numbers in a row followed by the same lower case letter are not significantly different 
at the 5% level. 

1 Degrader numbers are listed as < 3.0 x 10 CPU g' (the approximate limit of detection) 
for treatments where no degraders were detected. 

^ Some soil/CB combinations were not bioaugmented (NB) because the contaminant 
degraded in the initial microcosms before the bioaugmentation experiment began. 
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Table 6. Identification of contaminant degraders isolated from Madera and Oversite soils 
after bioaugmentation with activated soil. The closest sequence match in GenBank is 
listed along with the percentage similarity to the GenBank sequence and percentage of 
total isolated degraders represented by the bacterium. 

Isolate Identity % Similarity % of Total Isolates 

Oversite 2-CB 
sp. N3P2 98 100 

Madera 3-CB 
Burkholderia sp. AZ163 99 92 
Microbacterium arabinogalactanoylticum 100 8 

Madera 4-CB 
Alcaligenes sp. TUT1002 99 27 
Bradyrhizobiumjaponicum 100 60 
Microbacterium imperiale 100 7 
Microbacterium RZ-109 100 6 
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Figure 1. Diagram of procedures used to bioaugment non-active Madera and 
Oversite soils with activated or potentially active soil. Bold arrows indicate 
addition of activated or potentially active soil. 
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Figure 2. Levels of (a) 2-CB in Oversite soil, (b) 3-CB in Madera soil, and (c) 4-
CB in Madera soil either not bioaugmented, bioaugmented with potentially active 
soil, or bioaugmented with activated soil. Error bars represent the standard 
deviation of three replicate microcosms. 
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Figure 3. Plasmid screens of selected 2-, 3-, and 4-CB degraders isolated from 
Madera and Oversite soils following bioaugmentation with activated soil. The 
85 kb plasmid from the 3-CB degrader C. testosteroni BR60 was run as a 
positive control. 
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