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The objective ot" this research was to evaluate the impact ot' bioaugmentation ot" 

soil with microorganisms harboring plasmid pJP4 on remediation, plasmid transfer, and 

plasmid dispersal. Divided into three sections, this research showed that use of microbial 

inocula harboring self-transmissible plasmids holds promise as an applicable 

bioremediation approach. 

In the tlrst study, a pJP4 donor that could readily be counter-selected due to a lack 

of chromosomal genes necessary t"or Z.4-dichlorophenoxyacetic acid (2.4-D) 

mineralization was generated to allow detection of transconjugants in soil. Plasmid pJP4 

uas introduced into Escherichia coli (.ATCC 15224). via plate mating with Ralstonia 

eiitropha JMP134 to create such a donor (E. coli Dll). Transfer of plasmid pJP4 to 

diverse indigenous populations was detected in soils, and under conditions, where it had 

not been observed previously. 

Plexiglass columns were used in the second study to evaluate dissemination of 

plasmid pJP4 under unsaturated or saturated How conditions in a 2.4-D contaminated 

soil. In unsaturated soil. pJP4 was detected in both culturable donor and transconjugant 

cells extending to 10.5 cm from the inoculated layer. In soil subjected to saturated flow 

conditions, no transconjugants were detected; however, donors were found throughout the 

entire length of the column (30.5 cm). Thus, donor transport in conjunction with plasmid 
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transfer to indigenous recipients allowed for significant dissemination of introduced 

genes through contaminated soil. 

The last study was conducted using soil contaminated with 2.4-D alone or co-

contaminated with 2.4-D and cadmium (Cd). This study assessed the impact of 

introduction of the pJP4 genes via cell bioaugmentation (R. euiropha JMP134 donor), or 

via gene augmentation (£. coli Dll donor). Both introduced donors remained culturable 

and transferred plasmid pJP4 to diverse indigenous recipients. Cell bioaugmentation 

resulted in the most rapid 2.4-D degradation; however, upon a second exposure to 2.4-D. 

gene augmentation of indigenous populations was more successful. The presence of Cd 

(100 Lig g dr>' soil"') had a minimal impact on 2.4-D degradation and transconjugant 

formation. The establishment of an array of stable indigenous plasmid hosts may be 

panicularly useful in sites with potential for re-exposure or extensive, and thus, long term 

contamination. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Problem Definition 

Increased environmental pollution and public awareness of this problem have 

brought to the forefront the need for new technologies to help mitigate deterioration of 

environmental quality. Contaminated sites are often augmented with bacteria selected for 

their specific capabilities, such as metal resistance or contaminant degradation. However, 

bioaugmentation efforts are generally hampered by a rapid decline in. and limited 

dispersion of. inoculum cells within contaminated soils (Devanas et al.. 1986: Krasovsky 

and Stotzky. 1981: Stotzky. 1989). Furthermore, the presence of metals has been shown 

to signitlcantly reduce, if not inhibit, organic degradation (Said and Lewis. 1991. 

Springael et al.. 1993. Topp and Hanson. 1990). This is significant since in the United 

States approximately 37% of sites contaminated with an organic also contain inorganic 

contaminants such as heavy metals (Kovalick. 1991). 

Use of microbial inocula that contain plasmids. particularly those that are self-

transmissible and encode genes involved in metal resistance and/or catabolism may help 

circumvent these problems. .A stable array of plasmid hosts could be established as a 

result of transfer of the plasmid from the inocula to indigenous soil bacterial recipients. 
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Incre25ed plasmid persistence in the soil, as well as increased dissemination ot the 

plasmid resulting from sequential transfers between adjacent microorganisms, and/or due 

to increased transport of the plasmid within diverse soil iransconjugant populations may 

increase the disu^ibution of the genes of interest through the zone of contamination. Most 

gene transfer studies have been conducted using laboratory- media rather than soil, and 

few have examined transfer of large catabolic plasmids. which could potentially be used 

tor remediation. Studies that assess the dispersal of the plasmid within soil are even more 

limited. This research was multifaceted. and was designed to evaluate the impact of 

plasmid pJP4 transfer from two donors with different catabolic abilities to indigenous 

populations. Diversity of resultant transconjugants. dispersal of the plasmid within soil, 

and the effects of augmentation of the soil degradative gene pool on biodegradation of 

2.4-D were all assessed. 
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Literature Review 

Genetic exchange between organisms is a process that can substantially increase 

an organism's ability to adapt to its environment, and thus may increase its survival 

potential (Cohan. 1996; Slater. 1985). The study of gene transfer within soil is of interest 

for a \ariety of reasons. Gene transfer may be a potentially powerful tool to enhance 

bioaugmentation effons by increasing the biodegradation potential of indigenous soil 

microbial communities. However, it is important to keep in mind that there is also 

concern over the possible spread of genes, such as antibiotic resistance genes, that may 

have a detrimental impact. In any case, gaining an understanding of the genetic exchange 

within the soil is important. 

Mechanisms of Genetic Exchange and Potential Role in the Environment 

Genetic exchange can occur via three mechanisms, transduction, transformation, 

or conjugation. General detlnitions of each gene transfer mechanism, relevant research 

tlndings. and a shon discussion of their known or potential role in genetic exchange in 

the environmental follows. 
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Transduciiun 

Exchange via transduction is mediated by bacteriophages that carr>" pieces of 

DNA from donor to recipient cells. The specificity of phage-bacterial host interactions 

generally restricts spread of genes via this mechanism to closely related microorganisms 

(Schmieger. 1990: Trevors et al.. 1987). However, transduction between different species 

has been obser\ed (Ruhfel et al., 1984). Phage with host ranges which cross species and 

generic barriers have been reponed. For example, phages PRRl and PRDl will infect 

any Gram-negative bacterium containing an IncPl plasmid. because it is the plasmid that 

encodes the phage-specific surface receptor. 

Little is known about the occurrence of transduction within the soil envirorunent. 

Only a handful of studies have demonstrated the occurrence of transduction in soil 

(Germida and Khachatourians, 1988; Zeph et al. 1988; Zeph and Stotzky, 1989). 

Furthermore, no transduction of indigenous soil microbial populations was observed in 

these studies. 

Transduction as a mechanism of gene transfer in the environment may be 

advantageous because nucleic acids would be protected within the phage capsid. In 

addition, genes within phage may have increased transport potential because they are 

smaller than bacteria, and thus less subject to filtration effects. However, phage 

specificity may limit spread of introduced genes and adsorption of phage to soil particles 

may lower the multiplicity of infection (MOl). 
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Transrormunon 

Transformation refers to ttie process of uptake and subsequent expression of 

naked DNA by competent cells. Although many instances of situ transformation, or 

transformation of introduced competent recipients have been documented, only minimal 

research has assessed the potential for uptake of naked DNA by indigenous populations. 

The potential for transformation is dependent, in part, upon the stability of the DN.A in 

the environment. Naked DN.A. is subject to the action of DNases present in the soil 

environment. For example, introduced circular plasmid DN.A has been observed to 

undergo a transition to full-length linear molecules, and subsequently to fragments of 

introduced DN.A over a period of approximately 5 days in non-sterile soil (Romanovvski 

et al.. 1992). However, it is known that DN.A sorbs to mineral surfaces and that sorption 

often confers resistance to nucleolytic degradation (IChanna and Stotzky; 1992; Lorenz 

and Wackemagel. 1987; Lorenz and Wackemagel. 1992; Ogram et al., 1988; Paget et al.. 

1992; Romanovvski et al.. 1991). 

Sorption to mineral surfaces does not. however, prohibit transformation tChamier 

et ai.. 1993; Gallon et al.. 1994; Paget and Simonet. 1997; Sikorski et al.. 1998). 

Transformation frequencies of lO"" iransformants/viable competent cells have been 

documented under this condition (Paget and Simonet. 1997). Furthermore, the form of the 

sorbed DNA appears to play a minor role in the transformation process. Chamier et al. 

(1993) observed the transformation oi Acineiobacier calcoaceticus by both circular and 

linear forms of mineral-associated, and thus protected. DNA. However, their results 
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suggest that the efficiency of transformation may be less for the circular plasmid DNA 

than for linear fragments. These results are significant since they provide evidence that 

under the right conditions cells can directly uptake DNA molecules at the solid-liquid 

interface. 

Vlany studies have been done to assess persistence of nucleic acids introduced 

into the environment in conjunction with the potential for transformation. Greater than 

10.000-fold plasmid loss over a 60 day period was obser\'ed in three non-sterile soils 

inoculated with extracellular plasmid DNA iRomanowski et al.. 1993). Despite this loss, 

transformation via electroporation of £ coli cells with the DNA extracted from the soil 

was tbund to occur throughout the entire study and in one soil, intact plasmids were 

detected even at the conclusion of the study. In another study, 3% of the initial 

transforming activity ot Pseudomoncis sfutzen was obser\ed 3 days after loading the soil 

with plasmid DNA. These results suggest that DNA. although degraded by nucleases 

mdigenous to the soil, may persist long enough in the environment to be taken up by 

competent recipient cells in situ. 

Most studies designed to assess transformation have involved a period of 

incubation of the DN.A with the soil or matrix material followed by the introduction of a 

specific recipient population or the incubation of a specific recipient with DN.A extracted 

from the soil (Chamier et ai.. 1993: Romanowski et al.. 1992; Romanowski et al. 1993). 

In either case, the recipient cells generally are subjected to some treatment such as 

electroporation or CaCh exposure to increase competency. These studies demonstrate the 
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potential for transformation with DNA exposed to the soil environment; howe\er. they do 

not rerlect the potential for in situ transformation to indigenous recipients or the transport 

potential of the introduced DNA through the terrestrial profile. Furthermore, 

enhancement of competency of indigenous soil populations has not yet been examined. 

However, some environmental stresses such as exposure to CaCK or nutrient deprivation 

may induce a state of competence, permitting transformation of bacteria not carrying the 

appropriate genes. 

Transformation may allow the incorporation of genes introduced in nucleic acid 

form as well as of genetic elements released upon lysis of cells in the environment. The 

proximity of microorganisms such as those sorbed to the same soil particle or simply 

inhabiting the same microsite favors contact with DN.A upon lysis of neighboring cells. 

This DN.A. may be taken into the cvtoplasm of a recipient cell and then recombine with 

the chromosome or plasmid DNA released from lysed cells could form a plasmid. The 

potential for transformation to occur is significant because it means that gene transfer is 

not dependent upon survival of the donor. 

Conjugation 

Conjugation requires cell to cell contact and is the most thoroughly studied 

mechanism of gene transfer (Cresswell and Wellington. 1992; Frost. 1992; Trevors et al.. 

1987'). It is also believed to play a major role in genetic exchange within the 

environment. Plasmids are preferentially transferred by conjugation; however, non-
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conjugative plasmids or chromosomal genes can be transferred via mobilization by a 

conjugative plasmid residing within the same host cell. Conjugative plasmids carrv' the 

transfer {tra) operon which codes for all the functions needed for conjugation including 

formation of appendages grown on the donor strain that interact with specific sites on the 

recipient cell. These appendages are known as se.\ pili. It has been suggested, although it 

has not been proven, that the DN.A. itself may actually travel through the se.x pilus. 

Plasmids may contain up to several thousand kilobases of genetic information, and thus 

their transfer may significantly impact the microbial ecology of a soil system. 

Transfer of conjugative plasmids in soil has been observed in a number of studies 

(Clerc and Simonet. 1996; Daane et al.. 1996: De Rore et al.. 1994a; Di Giovanni et al.. 

1996; Duncan. 1995; Neilson et al.. 1994; Newby et al.. 2000; Richaume et al.. 1989; Top 

et al.. 1998; Top et al.. 1990; van Elsas et al.. 1988; Wellington et al.. 1990). .Although 

not necessarily proven for each of these cases, the mechanism is believed to be 

conjugation due to plasmid properties. However, some transfer of conjugative plasmids 

may result from transformation. Furthermore, conjugation has been shown to 

disseminate genes between not only closely related species, but also between 

phylogenetically different bacterial groups within soil (De Flaun and Levy. 1989; Levy 

and .Miller. 1989; Mazodier and Davis. 1991). Transfer of conjugal plasmids between 

inoculated donors and recipients in soil has been observed in a number of studies, some 

of which have e.xamined transfer of large catabolic plasmids (Clerc and Simonet. 1996; 

Dtmcan et al.. 1995; Neilson et al.. 1994; Ramos-Gonzalez et al.. 1991; Richaume et al.. 



1989; Top et al., 1990; van Elsas et al.. 1988; Wellington et al.. 1990). However, only 

limiied studies have examined the transfer of large catabolic plasmids from an introduced 

donor to indigenous microbial recipients (Brokamp and Schmidt. 1991; Daane et al.. 

1996; De Rore et al.. 1994a; Di Giovanni et al.. 1996; Duncan. 1995; Newby et al.. 2000; 

Pensova et al.. 1984; Smit et al. 1991; Richaume et al.. 1992; Top et al.. 1998). It is this 

type of transfer that may prove useful in terms of remediation of contaminated sites. 

Enhanced remediation has been observed in studies that documented transfer of 

large catabolic plasmid to indigenous populations {Di Giovanni et al.. 1996. De Rore et 

al.. !994a; Newby et al.. 2000. Top et al.. 1998). Enhanced biphenyl degradation has 

been observed in soil following transfer of the catabolic plasmid RP4::Tn-/j"/ from 

Enterobacier agglomenms DMK3 to indigenous populations. In this study, the donor 

sur\r.ed for only three days. Transconjugant populations were iaentified as 

Pseuaamonas chlororaphis. Pseuciornonas corriigaiu. and Comumonas sp. (De Rore et 

al.. ;'594a). Enhanced degradation of 2.4-D has been observed upon transfer of pJP4 to 

indigenous populations in soil in two studies. In one study, the donor declined 

signitlcantly in number a week after introduction into the soil (Di Giovanni et al.. 1996). 

and thus was not responsible for much of the degradation observed after that point in 

time. In the other study. pJP4 was introduced into the soil within a host that could not 

utilize the plasmid catabolic genes. Thus, the observed increases in 2.4-D degradation at 

distinct lime points was attributed to the activity of transconjugants fNewby et al.. 2000). 

Enhanced degradation of 2.4-D resulting from transfer of two other plasmids encoding 



genes for 2.4-D degradation to indigenous populations has also been observed (Top et al.. 

19981. 

Like catabolic genes, genes for metal resistance are also often plasmid encoded 

(Top et al.. 1990: Trevors et al.. 1985; De Rore et al, 1994b). .A few studies have 

specifically examined transfer of metal resistance genes. In two separate studies, the 

transfer of plasmid encoded metal resistance genes {czc genes) between £, coli and 

Alcciii^enes eulrophiis introduced into the soii has been obser\'ed (De Rore et al.. 1994b; 

Top ei al.. 1990). In one of these studies. ;he number of transconjugants tbund within 

soil increased with increased Zn contamination. However filter matings showed that high 

concentrations of Zn decreased plasmid transfer frequency. Thus, the increased 

transconjugants probably resulted from growth rather than stimulated plasmid transfer 

(De Rore et al.. 1994b). Similarly, no apparent stimulator}' effect on the plasmid transfer 

frequency of plasmid pJP4 (Hg*^) was obser\ ed upon addition of the heavy metal mercurv' 

to non-sterile soil was (Kinkle et al.. 1993). Transfer of metal resistance genes may have 

industrial applications. Horizontal transfer of a gene for Ni resistance to indigenous 

microbial populations was observed in an activated sludge ecosystem, with the 

transconjugants demonstrating increased Ni resistance (Dong et al. 1998). 

The observed conjugal transfer of both catabolic and metal resistance genes 

suggests that gene transfer may play a key role in the bioremediation of sites 

contaminated with both organic and inorganic contaminants. In the United States, 

approximately 37% of sites contaminated with an organic also contain inorganic 
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contaminants such as heavy metals (Kovalich. 1991). The presence ot metals, even at 

ver\' low levels, has been shown to significantly reduce, if not completely inhibit, organic 

degradation in several microbial strains specialized in xenobiotic catabolism (Said and 

Lewis. 1991; Springael et al.. 1993; Topp and Hanson. 1990). Thus, metal contamination 

has the potential to reduce the effectiveness of bioaugmentation efforts. 

Bioaugmentation studies for co-contaminated sites have focused on the 

introduction of a microorganism thai is both metal resistant and capable of organic 

degradation. Strains demonstrating both metal resistance and degradative capabilities 

have been generated in the laboratory \ia conjugal transfer of degradati\e genes into 

metal resistant microorganisms. The constructed strains were able to grow in the 

presence of Ni and Zn. and e.xhibited unimpaired biodegradation (Springael et al.. 1993). 

.•\lthough this study was conducted using laboratory media, it demonstrated that it is 

possible to have normal organic biodegradation in the presence of metal stress. Similarly, 

plasmid pJP4 has been shown to transfer readily into the metal resistant microorganism. 

.-1. eutrophus CH34. with the resultant transconjugant capable of expressing the catabolic 

propenies of pJP4 (Friedrich. 1993). 

Several studies have also shown that it is possible to isolate metal resistant 

microbial populations from metal contaminated soils as well as from soil with no metal 

contamination. It is logical to assume that transfer of a catabolic plasmid to metal 

resistant indigenous recipient populations may be another approach to facilitate 

remediation of co-contaminated sites 
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Conjugation is a favorable gene transfer mechanism because plasmids are 

autonomous replicons. and thus, stable maintenance does not require homologous DN.A 

sequences within the recipient. In addition, it has been suggested that solid interfaces 

stimulate conjugal systems that depend on rigid pili (Trevors et al.. 1986). Thus, sorption 

of bacteria to soil particles may be advantageous for gene transfer. However, it has been 

sho\sTi that DNA synthesis and other activities associated with conjugation requires both 

the donor and recipient cells to be metabolically active (Lorenz. 1994). This is significant 

since in natural environments, the metabolic rate of organisms is generally reduced due to 

a scarcity of growth substrates (Rearmey et al.. 1983). 

Role of Gene Transfer in the Dispersal of Genes in Soils 

The potential for gene transfer in the soil environment depends on the survival 

and transport of introduced organisms as well as of transconjugants in the ecosystem. 

Surv ival and transport of organisms in the environment directly impacts the potential for 

gene transfer. Transport of bacterial cells through soil is governed by numerous factors 

including, but not limited to the following: adhesion processes, filtration effects, 

physiological state of the cells, porous medium characteristics, water flow rates, 

predation. and intrinsic mobility of the cells. Nevvby et al. (2000) briefly reviewed some 

of the numerous studies that have been conducted to assess the influence of these factors. 

The first two factors, adhesion processes and physical straining/filtration of the cells, 

significantly reduce cell transport. Limited transport of inoculum cells significantly 
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hampers bioaugmentation effbns. Gene transfer to indigenous populations may make it 

possible to distribute genetic information more readily through the soil by establishing a 

stable and diverse array of plasmid hosts. 

Studies have addressed the transpon potential of transconjugants generated by 

transfer of a plasmid from an introduced donor to indigenous populations. In a soil 

column study involving a donor surface inoculum. Daane ei al. tl996) found that 

transconjugants were limited to the top 5 cm of the column. However, when earthworms 

were also introduced into the column, not only did the depth of transport of donor and 

transconjugants increase, depending on the burrowing behavior of the eanhworm species, 

but also the number of transconjugants found increased by appro.ximately two orders of 

magnitude. In a related study, the presence of earthworms was found to facilitate 

transport of donors and recipients, as well as pPJ4 transfer between spatially separated 

donor lAlcaligenes euirophus) and recipient (Pseudomonas fluorescens) bacteria in non-

sterile soil columns (Daane et al.. 1997). No transconjugants were obser%ed in the 

absence of earthworms. 

In a separate study. Lovins ei al. (1993) examined the transport of a genetically 

engineered Pseudomoncis aeruginosa strain that contained plasmid pR68.45 and the 

indigenous recipients of this plasmid in non-sterile, undisturbed soil columns. The 

surface of the column was inoculated, and unsaturated flow conditions were maintained. 

Transconjugants survived longer in the columns and were found to have leached farther 

down the column than the donor. The greater stirvival rate of transconjugants would be 
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expected because these organisms had previously adapted to the particular conditions of 

the soii. The increased transport was hypothesized to be the result of plasmid transfer to 

smaller, more mobile bacteria. In addition, consecutive gene transfer events between 

indigenous microbes may be a mode of transporting genes through soil. This would be 

especially feasible when microbes are present in high densities, such as stationary' 

microbes growing within a biot'ilm on soil surfaces or in the rhizosphere. 

Factors Influencing Gene Transfer 

It is difficult to predict gene transfer in soil due to the comple.xity and dynamics of 

the soil system. E.xtensive interplay between hydrogeological and microbial factors 

within this system impact microbial transport, survival, and activities, including gene 

transfer. The intluences of a variety of different factors on the occurrence of gene transfer 

have been reported. The two most noted ractors influencing the occurrence of gene 

transfer in soil systems are nutrient addition and the presence of indigenous populations. 

The :irst factor enhances detection of transconjugants by tacilitating growth of 

transconjugants. On the other hand, competition by the indigenous populations reduces 

detection relative to transfer between introduced donors and recipients in sterile soil. 

Table 1 highlights factors that have been shown to impact conjugal gene transfer in soil. 

Howe'. er. it is important to keep in mind that intricate relationships between factors in a 

soil environment may cause findings in one soil not to be true in another. In general. 
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anything that affects the survival of microbial populations, whether introduced or 

indigenous will likely influence the occurrence of gene transfer. 

Experimental Design and Difficulties of Soil Gene Transfer Studies 

Donor-counierseleciion 

Low frequency transfer events are difficult to observe if the donor survives at or 

abo\ e the order of magnitude of any transconjugants due to high soil dilution that must be 

plated in order to obtain distinct colonies. Donor-counterselection can enhance gene 

transfer detection and quantification by eliminating donor interference. Several different 

approaches exist for donor-counterselection. These approaches include: use of a donor 

poorly adapted to soil conditions; use markers not e.xpressed in the donor; use of an 

auxotrophic donor: specific lysis of donor with a bacteriophage: and use of an inducible 

host-killing gene, also referred to as a suicide gene. Clerc and Simonet (1998) wrote a 

thorough review that addressed the advantages and limits of several approaches. Two 

commonly used approaches for donor counter-selection are the use of a donor specific 

bacteriophage, and plating on selective media that do not allow for growth of the donor 

microorganism. Both of these approaches have been shown to be useful in facilitating the 

detection of indigenous transconjugants under various environmental conditions. Of 

specific interest, was the observed transfer of plasmid pJP4 to indigenous soil populations 

via these two approaches. 
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Table 1. Factors that potentially influence gene transfer of conjugal plasmids in soil 

(selected research t'lndings). 

Factor Research Findings Reference(s) 

Nutrient addition Necessar> for transfer of .tj genes in non-sterile De Rore et al.. 1994b 

soil 

Increased transfer Wamsle\. 1976; Naik et 

al.. 1994; \an Elsas et 

al.. 1987 

Addition of plant exudates enhanced transfer Klingmuller. 1993; Pukall 

etal.. 1996 

Rhizosphere Enhanced transfer relative to bulk soil Richaume et al.. 1992; 

Troxler et al.. 1997; 

Smit et al.. 1991 

Indigenous Reduced transfer frequenc\ Neilson et al,. 1994; De 

populations Rore et al.. 1994b 

Selective Pressure Necessar\- for detection of transfer of catabolic De Rore et al.. 1994a; Di 

plasmids Giovanni et al., 1996 

Metals Zn decreased frequenc> of filter matings De Rore et al. 1994b 

Zn and Hg additions had not observed effect on De Rore et al., 1994b; 

plasmid transfer in soil Kinkle et al... 1993 

Macroflora Eanhworms enhanced transfer and transport Daane et al.. 1996; Daane 

etal.. 1997 

Increased transfer in gut of soil microarthropod Hoffman et al.. 1998 

Protozoa Presence of protozoa did not influence transfer of Kuikman et al.. 1990 

TN5 transposon 

Temperature Mating pair formation that occurred below 24 °C Wamsley, 1976 

mcreased rapidly between 30 to 41 "C. and 

decreased between 41 and 45 "C 

Transfer much slower at 4 -Q than at 20 to 27 "C Smit and van Elsas. 1990 

Maximum transfer observed at 28 °C Richaume et al.. 1989 

pH Transfer favorable at neutral pH. decreased Richaume et al.. 1989; 

transfer at low pH Stotzky. 1989 

Oxygen availability R-plasmid transfer higher aerobically than Trevors and Starodub, 

anaerobically 1987 

Moisture content Maximum observed at 8°a Richaume et al., 1989 
Clay mineral content Montmorillonite addition enhanced transfer Weinberg and Stotzky, 

Benton ite clay addition enhanced transfer 1972; " Stotzky 1989; 

van Elsas et al., 1987 
Adsorption to surfaces IncPl Conjugal transfer enhanced Wilkins, 1990 

Frequency involving rigid pili 4 orders of Bradley et al.. 1980 

magnitude greater at surface than in liquid 



30 

The addition of bacteriophage for specific lysis of the donor was proposed and 

evaluated by Smit et al. (1991). .Addition of phage 0R2F to the soil extract just prior to 

plating of the preparation was found to efficiently lyse a large proportion of the 

P. fhiorescens R2F donor strain cells. This reduction in donor cells was sufficient to 

allow transconjugant detection, which confirmed transfer of RP4p to indigenous 

microtlora. Funhermore. this method was shown to be ver>' specific since other isolates 

of P escaped lysis (.Smii and van Elsas. 1992) In addition, no significant 

effects of the bacteriophage treatment on the indigenous soil microbial populations were 

noticed. Daane et al. (1996) used this same ii)R2F to detect transfer of plasmid pJP4 to 

various indigenous soil bacteria. Development of a similar system for use with other 

donors would require intensive bacteriophage isolation and specificity tests. 

The second approach, plating on selective media that does not allow grov\th of the 

donor, requires a selectable marker that is either not expressed in the donor strain, or 

whose expression goes undetected because of the absence of a chromosomal complement 

to the selectable plasmid genes. Top et al. (1990) and De Rore et al. (1994b) both 

demonstrated the conjugal transfer in non-sterile soil of plasmids encoding the czc genes 

(pDN'705 and pDL705. respectively) between the introduced donor and recipient strains. 

In these studies, the plasmid encoded czc genes (cobalt, zinc, and cadmium resistance 

genes) were expressed in the Alcaligenes eutrophiis recipient cells, but not in the £ coli 

donor cells. In pure culture experiments. Don and Pemberton (1981) identified several 

microorganisms, including an £. coli strain, that were unable to degrade 2.4-D despite 
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haboring pJP4. In a separate study an E. cuii strain was used as a pJP4 donor in plate 

matin^s. with subsequent transconjugant selection on 2.4-D media (Friedrich et al. 1983). 

These studies suggested the teasibility of this approach for the study of pJP4 gene transfer 

in soils, although it was not specifically demonstrated. 

Plate Xkilings 

The potential for mating to occur between donors l'.v siiii. during the plating and 

incubation period following extraction from the soil, rather than in situ is of concern. 

Such occurrences would lead to an overestimation of transconjugant numbers and transfer 

trequencies. Soil preparations for gene transfer studies are generally plated on selective 

media, allowing growth of microbial populations with the transterable genes. Despite 

their ability or inability to grow on the medium, the presence of donors, recipients, and 

transconjugants on the plate, may result in transfer events. Such transfer events are 

referred to as plate matings. 

Several studies have reported on the success of nalidixic acid (Nal) addition to 

culture plates for inhibiting plate matings. The mechanism of action of Nal in not known, 

but it is thought to act on DNA gyrase to disrupt DN.A. replication (Bouck and .A.delberg. 

1970). However, this approach is only applicable when the recipient is not sensitive to 

Nal. .Accordingly, in studies designed to assess transfer to indigenous population, this 

would not be a feasible approach. .Another approach is incubation of plates at 4°C for 

approximately 24 hr following inoculation (Neilson et al. 1994; Smit and van Elsas. 



1990). This is generally used when the marker encodes for resistance to antibiotics or 

metals. The premise of this approach is that slowed growth on the plates at the low 

temperature will allow additional time for the selective agents in the medium to inactive 

populations not e.xpressing the selective marker. However, this approach would ha\e 

little effect when plating on media to select tor a catabolic property. 

Walter et al. (1991a) examined the occurrence of plate matings under a variety of 

conditions. They found that as the numbers of donors and recipients decreased (constant 

ratio I. the number of transconjugants decreased. They attributed the decrease in 

transconjugants to a decrease in cell to cell contact, rather than to a decrease in conjugal 

frequency (transconjugants per initial donor). It has been suggested that when the 

number of donor cells is low (<10'* cells per plate) plate matings should be of minimal 

concern (Smit et al.. 1990). 

.\lthough there is no universal method to inhibit plate matings. particularly 

between a donor and indigenous populations, it is generally recommended that the 

occurrence of plate matings be estimated. This can be accomplished by using controls in 

which the donor and recipient are separated until just prior to plating, or similarly by the 

addition of the donor at a level comparable to those used in the study to samples (i.e. soil 

extracts), followed by plating (Waiter et al.. 1991a). 
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Scale and type uf experiment 

Microcosms are generally used to assess the potential tor gene transfer and. in 

theor»'. mimic the natural environment. The complexity of microcosms varies greatly 

cHill and Top. 1998). Gene transfer studies in soil have typically been conducted in 

microcosms or columns containing between one and a few hundred grams (De Rore et al.. 

1994a; Daane et al.. 1997; Di Giovanni et al.. 1996). Very few studies have used soil 

volumes of 600 g or more (Walter et al.. 1991b). In addition, most studies have used 

sieved, homogenized soil. However, some studies, particularly those designed to assess 

transport, have been conducted using undisturbed soil cores (Lovins. et al.. 1993). 

Transport in these cores is believed to more closely approximate transport that occurs in 

natural soils. These studies are useful in assessing the potential for gene transfer and 

indi\ idual factors that may influence its occurrence, however, their relatively small scale 

mas not truly be representative of the natural environment 

Vlicrobial populations are generally extracted from 1 to 10 grams of dry soil for 

anah sis of gene transfer. The amount of soil that can be removed for analysis without 

requiring destructive sampling depends upon the scale of the original system 

(i.e. microcosm, column, or bioreactor). In theor%'. the larger the soil sample, the more 

representative it is of the whole population. 
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Plasmid pJP4 as a Model Plasmid 

Readily hiodegraded coniaminanis. such as the herbicide 2.4-dichlorophenoxy-

acetic acid (2.4-D). are well suited for biodegradation studies. The structure of 2.4-D is 

similar to numerous other compounds of current interest, and thus, the ability to 

successfully degrade it is considered indicative of the ability to degrade other similar 

compounds. .As a result, degradation of 2.4-D in soil has been e.Ktensively examined. 

Numerous diverse organisms capable of degrading this compound have been isolated (K.a 

et al.. '.994; Kamagata et al.. 1997). In many cases, the catabolic genes were determined 

to be plasmid encoded (Bhat et al., 1994; Chaundry et al.. 1988; Don and Pemberton. 

1981; Fisher et al.. 1978; Ka and Tiedje. 1994; Pierce et al.. 1981; Top et al.. 1995 ). One 

such plasmid originally isolated from a soil bacterium, plasmid pJP4. has been well 

characterized and is ideal for gene transfer studies. .Although this plasmid is frequently 

used as a model, panicularly in gene transfer studies, it is important to note that several 

2.4-D catabolic plasmids differing from pJP4 have also been described (Bhat et al.. 1994; 

Chaudry and Huang. 1988; Don and Pemberton. 1981) 

Plasmid pJP4 is a broad host range, self-transmissible. IncPl. low copy number, 

catabolic plasmid. It is 80 kb in size and encodes for the degradation of 2.4-D to 

2-chloromaleylacetic acid (Don and Pemberton, 1981). Further degradation from 

2-chloromaleylactic acid to succinic acid is chromosomallv encoded (Perkins et al.. 1990. 

Shon et al.. 1991. Top et al.. 1995). The degradation pathway for 2.4-D is shown in 

Figure 1 (Top et al.. 1995). The endproduct of 2.4-D degradation is succinic acid, which 



11 

'.rtjCOCH 

2.-i-D-dioxvgenase [ t fdP<) 

2,-i-DOichloropnenol 
nvaroxviase 

'hlorocatecnoi 1,2-
i i o x v q e n a s e  \ t f d C , )  

Chloromuconate 
: v c ! o i s a m e r a s e  ( t f c f O )  

~hlOfOdiene lactone 
:somerase 

Chlorodiene lactone 
nvdrclase if/c/E) 

2 - Chi ore m ale via cct ate 
feauctase tchrornosomal) 

.:ooH 
COOH 

•:ooH 

5C 

:aoH 
•:coH 

LO I '.rGns- . - ;> u 

- JCO 

Figure 1. Pathway for 2.4-D degradation of 2.4-D. Genes within plasmid pJP4 encode 
the tlrst six steps in the pathway. 
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can enter the tricarboxyUc acid (TCA) cycle and subsequently be degraded to CO^. 

Although 2.4-D is generally not considered toxic to microorganisms, in high 

concentrations the intermediate 2.4-dichlorophenol (2.4-DCP) can be toxic (Short et al.. 

19911. .Additional pJP4 genes code tor the degradation of Z-methyl-4-

chlorophenoxyacetic acid and j-chlorobenzoate. while others encode resistance to 

mercuric ions and phenyl mercury acetate (Don and Pemberton. 1981). In order to be 

able to confer 3-chlorobenzoate degradative capabilities to its host. pJP4 undergoes a 

genetic rearrangement in the presence of this compound. This rearrangement involves the 

insenion of a 24.5 kb inverted tandom duplication of a segment encoding catabolic 

functions (Ghosal and Vou. 1988). 

Plasmid pJP4 transfer to several microbial recipients and the phenotypic 

expression of degradative genes within the recipients has been observed (Friedrich et al. 

1993; Springael et al.. 1993). However. pJP4 may have a reduced size or exist as a 

multimer in the recipient (Friedrich et al.. 1993). In addition. pJP4 has been shown to 

coexist with other large plasmids (Springael et al.. 1993). 

The presence of plasmid pJP4 within presumptive transconjugants has been 

accomplished using Southern hybridization uith a fragment of the pJP4 tfcL-i gene 

(Kinicle et al.. 1993) and with a mer gene probe (Daane et al.. 1996). Neilson et al. 

(1992). developed a PCR protocol for amplification of the pJP4 tfdB gene which has also 
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been used in several studies (Neilson et al.. 1^^92; N'eilson et al.. 1994; Di Giovanni et al.. 

1996; N'ewby et al.. 2000). 

Transfer of pJP4 in soil has been observed (Daane. et al.. 1996; Di Giovanni. 

1996; Kinkle et al.. 1993; Neilson et al. 1994. Newby et al.. 2000). Neilson et al. (1994) 

and Di Giovanni et al. (1996) inoculated Madera Canyon soil with the natural host of 

pJP4. Ralsionia euirophu JMP134. L'ntil recent reclassification, this donor was known as 

Alcaiigenes euirophus JMP134. Neilson et al. (1994) found that transfer frequencies to 

an introduced donor decreased from 1,10' in plate matings. to 1/10' in non-sterile soil, 

and v.ere undetected in non-sterile soil unless a selective pressure was added, and then the 

frequency was only 1.10". Di Giovanni et al. (1996) was able to detect transfer of pJP4 

from R. eiuropha JMP134 to indigenous Madera Canyon soil amended with 1.000 ^g of 

2.4-D g dry soil"', but not with 500 fig of 2.4-D g dr\' soil"'. In this study the donor 

declined significantly in number approximately a week after introduction to the soil 

environment, thus allowing detection of transconjugants. Three successive 

transconjugant populations were observed. In addition, an increase in 2.4-D degradation 

was observed in microcosms containing transconjugants (Di Giovanni et al.. 1996). No 

pJP4 transfer using this donor, at either amendment level, has been detected in studies 

using other sandy loam soils collected within .Arizona; Rose Canyon. Bear Canyon, and 

Brazito (Unpublished data). The R. eutropha JMP134 donor typically survived well in 

these soils and grew on transconjugant selective 2.4-D plates, and thus, precluded 

detection of transconjugants. Transfer of pJP4 in non-sterile soil columns beuveen 
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spatiai;> separated donor (Alcaligenes euiorphiis) and recipient {Pseudomonas 

JIuore-:cens) cells and. using bacteriophage donor-counterselection. from Pseudomonas 

Jliiorescens to indigenous populations (Daane et al.. 1996) has also been observ ed (Daane 

et al.. I'^97). In addition, transfer of pJP4 between populations of bradyrhizobia has been 

documented. Based on these studies, transfer of plasmid pJP4 to and potentially between 

soil microbial populations is likely. 
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Dissertation Format 

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

appendices. Appendix A is published and describes doncr-counterselected detection and 

characterization of plasmid pJP4 transfer to indigenous soil bacteria. Appendix B reports 

on dispersal of plasmid pJP4 in unsaturated and saturated 2.4-D contaminated soil. 

.Appendix C compares 2.4-D degradation and plasmid transfer in soil resulting from cell 

bioaugmentation \ersus gene augmentation. .Appendices B & C were formatted for 

publication in the microbiology journals as stated. Each experiment was primarily 

designed, implemented, and interpreted by the candidate. I take full responsibility for the 

content of these manuscripts. Contributions of co-authors were as follows: Karen 

Josephson provided intellectual insight for the second manuscript while Terry Gentrv' was 

instrumental in carrying out the mechanics of the third study and provided editorial help 

on the last two manuscripts. Dr. Ian Pepper contributed significantly to these manuscripts 

with mtellectual discussions regarding the research and b\' carefully editing the 

manuscripts. 
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CHAPTER 2 

Present Study 

The methods, results, discussion and conclusions are presented in the manuscripts 

appended to this dissertation. The tbllowing is a summary of the most important findings 

in these manuscripts. 

The t'lrst manuscript, described the generation of a novel pJP4 donor and 

subsequently evaluated its applicability for use in gene transfer studies in soil. The 

absence of chromosomal genes necessary tor 2.4-D mineralization within the genome of 

the new donor. E. coli Dll. enabled donor-counterselection by plating on agar where 

2.4-D was the sole carbon source. Elimination of donor interference facilitated detection 

of plasmid pJP4 transfer to indigenous populations in soils, and under conditions, where 

it had previously not been detected using R. eiaropha JMP134 as the donor. This study 

demonstrated that gene transfer from an introduced donor could occur in a variety of soils 

and at different contaminant levels. It also suggested that increased 2.4-D biodegradation 

could result from gene transfer, panicularly in soils that lacked an intrinsic ability to 

degrade the herbicide, such as some soils co-contaminated with metals. Furthermore, the 

diversity of transconjugants observed (20 molecular fingerprints) showed that 

transconjugant populations were not simply the result of a single gene transfer followed 

by growth, but that multiple plasmid transfers had occurred at some point in time. 
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In the second study, the E. coli Dll doner was used to assess the transport of 

plasrr.id pJP4 catabolic genes through contaminated soil both within the donor, and 

withi" any transconjugants resulting from plasmid transfer to indigenous populations. 

Columns containing 2.4-D contaminated soil were subjected to either unsaturated or 

saturated flow conditions for this assessment. The donor was found to penetrate 

sigmikant distances into the column following " d of percolation under all column 

conditions examined (unsaturated. 10.5 cm unsaturated, saturated. 30.5 cm). 

Transconjugants were detected in unsaturated columns, and in one such column they 

penetrated deeper in the profile than did the donor cells. This was significant since it 

suggested that gene transfer may facilitate increased plasmid dissemination through a 

contaminated zone. These results suggest that two problems that often hamper 

bioau^mentation effons. limited inoculum dispersal and decline in inoculum numbers, 

may be alleviated, in part, by inoculation with plasmid bearing microorganisms. 

The last study evaluated the impact of the introduction of the pJP4 genes via cell 

bioaugmentation (R. eitirop/ui JVIP134 donor), or via gene augmentation (£. culi Dll 

donor) on remediation of soil contaminated with 2.4-D alone, or co-contaminated with 

2.4-D and Cd. Both donors transferred the plasmid to diverse indigenous recipients, most 

of w hich were the same regardless of the donor or treatment. Gene augmentation, or the 

introduction of the plasmid within a host unable to utilize the catabolic genes, resulted in 

higher transconjugant numbers. Cell bioaugmentation resulted in the most rapid 2.4-D 

degradation; however, upon secondarv" e.xposure gene augmentation of indigenous 
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populations proved to be more et'fective. The presence ot'Cd had a minimal impact on 

2.4-D degradation and transconjugant formation. The establishment of an array of stable 

indigenous plasmid hosts may be particularly useful in sites with potential for re-

exposure or extensive, and thus, long term contamination. 
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Abstract 

Prior to gene transfer experiments in non-sterile soil, plasmid pJP4 was 

introduced into a donor microorganism. Escherichia culi (.ATCC 15224). via plate mating 

with RLilsionia euiropha JMPI34, Genes on this plasmid encode mercury resistance and 

partial 2.4-dichlorophenoxyacetic acid (2,4-D) degradation. The £ culi donor lacks the 

chromosomal genes necessary' tor mineralization of 2.4-D. thus allowing presumptive 

transconjugants from gene transfer studies to be selected via plating on media with 2.4-D 

as the carbon source. Use of this donor counter-selection approach enabled detection of 

plasmid pJP4 transfer to indigenous populations in soils, and under conditions, where it 

had previously not been detected. In Vladera Canyon soil, populations of presumptive 

indigenous transconjugants were found at levels of 10 and 10'^ g dr\' soil"' for 500 ug and 

1.000 Lig 2.4-D g dry soil"' amendments, respectively. ERIC PCR analysis of 

transconjugants yielded diverse molecular fingerprints. Biolog analysis showed that all 

transconjugants were members of the BiirkhoUleria or Pseiuionwnas genera. No 

mercurv-resistant. 2.4-D degrading microorganisms with large plasmids or the ifdB gene 

were found in 2.4-D amended but uninoculated control microcosms. Thus, any 2.4-D 

degrading isolates containing a plasmid similar in size to pJP4. having the ifclB gene, and 

demonstrating mercury resistance were considered to be transconjugants. In addition, 

slightly enhanced rates of 2.4-D degradation were observed at distinct time points in soil 
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that supported transconjugant populations relative to controls in which no gene transfer 

uas detected. 

Introduction 

Genes for metal resistance or contaminant degradation are often plasmid encoded 

(De Rore et al.. 1994a; De Rore et al.. 1994b: Ghosal et al.. 1985a: Ghosal et al. 1985b; 

Kozdroj, 1994; Top et al. 1995: Trevors and Berg. 1989), Accordingly, microbial inocula 

tor bioaugmentation often contain such plasmids. Unfortunately, due to biotic and 

abiotic stresses, a rapid decline in inoculum numbers or cell death is trequently obser\-ed 

followmg addition to the envirorunent. This suggests the transfer of a catabolic plasmid 

from an introduced microorganism to indigenous soil microorganisms may enhance 

bioaugmentation effons by providing an environmentally stable host for the plasmid. 

Limited studies have evaluated the potential for transfer of large catabolic plasmids from 

an introduced donor to indigenous microbial recipients (Daane et al. 1996: De Rore et ul. 

1994a; Di Giovanni et al. 1996; Duncan. 1995; Top et al.. 1990). Furthermore, enhanced 

remediation of contaminated soils as a result of such transfers has been documented (De 

Rore et al.. 1994a: Di Giovanni et al.. 1996; Top et al.. 1998). 

Of pertinence to this panicular study is the 80 kb. broad host range, self-

transmissible. IncPI group, catabolic plasmid pJP4 (Don and Pemberton. 1981). This 

plasmid encodes resistance to mercuric ions and phenyl mercury acetate, and partial 
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catabolism of 2.4-dichlorophenoxyaceiic acid (2.4-D). 2-meth\i-4-chlorophenoxyacetic 

acid, and 3-chlorobenzoate (Don and Pemberton. 1981). Genes carried on plasmid pJP4 

are responsible tor the transformation of 2.4-D to 2-chloromaleylacetate (Top et al.. 

1995). Transfer of pJP4 in soil has been observ ed (Daane et al., 1996; Di Giovanni et al.. 

1996; Friedrich et al.. 1983; Neilson et al.. 1994). Transfer of this plasmid from 

R. emrophu J.VIP134 to indigenous Madera Canyon soil recipients has been found in soil 

amended with 1.000 ug of 2.4-dichloropheno.\yacetic acid (2,4-D) g dry soil"', but not 

with 500 ug of 2.4-D g dry soil"' (Di Giovanni et al.. 1996). No pJP4 transfer using this 

donor, at either amendment level, has been detected in studies using other soils in which a 

signitlcant population of R. einropha JMP134 remained cuiturable after inoculation, 

making detection of transconjugants arising from low frequency gene transfer difficuit. 

Low frequency transfer events are difficult to observe if the donor survives at or 

above the order of magnitude of any transconjugants due to high soil dilution that must be 

plated in order to obtain distinct colonies. Donor counter-selection can enhance gene 

transfer detection and quantification by eliminating donor interference. Two main 

approaches for donor counter-selection exist: 1) the use of a donor specific bacteriophage 

(Richaume et al.. 1992; Smit et al.. 1991); and 2) plating on selective media that do not 

allow for growth of the donor microorganism (Friedrich et al.. 1983). Both of these 

approaches have been shown to be useful in facilitating the detection of indigenous 

transconjugants under various environmental conditions. 



It has been shown that microorganisms harboring pJP4. but which laclc the 

chromosomaily encoded maieylaceiate reductase required for utiUzation of 2.4-D are not 

detected on selective media where I.4-D is the sole carbon source (Kinkle et al., 1983). 

Linle information regarding the occurrence of maieylacetate reductase genes among 

indigenous populations is available; however, the ubiquity of soil microbial populations 

capable of mineralizing 2.4-D suggests that these genes are probably relatively common. 

In pure culture experiments. Don and Pembenon (1981) identified several 

microorganisms, including an E. cuii strain, that were unable to degrade 2.4-D despite 

haboring pJP4. An E. coli strain was chosen to be the novel pJP4 host/donor 

microorganism for soil gene transier studies for a number of reasons: 1) it lacks the 

chromosomal component necessary- for mineralization of 2.4-D; 2) it has a rapid doubling 

time; and 3) its background level in soil is low. Furthermore, an E. coli strain has 

previously been used as a pJP4 donor in plate matings. with subsequent transconjugant 

selection on 2.4-D media (Friedrich et al.. 1983). showing the feasibility of the approach. 

The four main objectives of this study were: 1) to develop a system utilizing 

donor counter-selection to facilitate detection of low frequency gene transfer in soil: 2) to 

evaluate pJP4 transfer to indigenous soil microbial populations: 3) to assess diversity of 

presumptive transconjugants: and 4) to assess the effects of augmentation of the soil 

degradative gene pool on biodegradation of 2.4-D. 
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Materials and Methods 

Donor Generation and Maintenance 

To generate the E. coli donor, plasmid pJP4 was introduced into £. coli strain 

ATCC 15224 via plate mating with R. eiuropha JMP134(pJP4). The latter 

microorganism is regarded as the natural host of pJP4 and until recently was classified as 

Alcaii^enes euirophus JMP134. Plate matings were conducted on non-selective peptone 

yeast plates using late exponential phase cultures. Plate mating patches were suspended in 

sterile saline and then plated on peptone yeast plates amended with 25 ppm mercury 

(PH). Isolates from the PH plates were then screened for their ability to utilize 2.4-D as 

the soil carbon source. ERIC PCR (Versalovic et al.. 1994) and tfdB PCR (Neilson et al.. 

1994) analyses were performed on mercury resistant non-2.4-D degrading isolates to 

cont'irm that they were E. coli pJP4 hosts. Confirmed E. coli transconjugant isolate =fl 1 

was selected for use as the donor in ensuing studies and was designated as E. coli Dl 1. 

Soils 

.-Ml soils were collected from sites previously not e.xposed to 2.4-D. Surface soils 

were sieved (2 mm pore-size filter), and. if not used within a week of collection, stored at 

4° C. Stored soils were incubated at 28° C for a week prior to amendment to allow 

acclimation of the microbial populations. Madera Canyon soil was collected from 

Vladera Canyon Recreational .Axea of the Coronado National Forest near Tucson. 
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Arizona. Rose Canyon and Bear Canyon soiis were collected from Mt. Lemmon. located 

in the Catalina Mountains National Forest. Tucson. .Arizona. Brazito soil was collected 

from the University of .Arizona's Campus .Agricultural Center in Tucson. .Arizona. 

Table 1 depicts the chemical and physical properties of each soil. 

Gene Transfer Studies in Soil 

Soil microcosms consisted of 100 g (dry weight) non-sterile soil in 0.5 L 

polypropylene wide mouth screw-cap jars. l°b 2.4-D stock solution was added to 

microcosms to achieve an amendment level of either 500 ug. or 1.000 ug of 2.4-D g dr\' 

soil '. The 2.4-D stock solution uas prepared by the addition of 10 g of 2.4-D (Sigma 

Chemical Co.. St. Louis. .VIO) to 9()0 ml of distilled water. Ten mis of 5 N NaOH were 

added :o facilitate dissolution of the 2.4-D. The pH was then adjusted to 7.0 with 

concentrated HCL the total volume brought up to 1.0 L. and the solution filter sterilized. 

Microcosms not contaminated with 2.4-D were amended with sterile water to achieve 

comparable moisture contents to those contaminated with 2.4-D. .A, late e.\ponentiai 

phase culture of the donor inoculum. £ coli Dl I, was harvested from PH broth, washed, 

and resuspended in 0.85'''o sterile saline. The inoculum was added to soil microcosms to 

give an approximate inoculum density of 10" CPU g of dry soil"'. .All microcosms were 

maintained at gravimetric moisture contents of 20-25% depending upon soil type. This 

moisture content range corresponds to 65-75% of the water holding capacity of each soil. 

Thus soils were moist, but not saturated. Corresponding control microcosms consisted of 
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the same soils amended to the same 2.4-D level and moisture content, but lacking the 

donor inoculum. In a preliminary itudy designed to screen for the potential for plasmid 

transfer to indigenous populations, single control and treatment microcosms were 

prepared for each set of conditions. For subsequent studies with the Madera Canyon soil, 

triplicate non-sterile control and treatment microcosms were prepared. 

Isolation and Characterization of Presumptive Transconjugants 

Bacterial recipients of plasmid pJP4. referred to as transconjugants. were isolated 

and then characterized via the following phenotypic and molecular analyses. The 

microbial e.xtraction process involved the addition of 1.2 g of moist soil to a 9.5 ml 

extraction solution blank [6 uM Zvvittergent detergent and 0.2% sodium 

hexametaphosphate (Brendecke et al.. 1983)] followed by vortexing for 2 min. Bacterial 

populations extracted from the soil were plated on 2.4-D indicator plates. The 2.4-D 

indicator plates contained minimal salts [MgSOj* 7H,0. 112 mg; ZnSO,* 7H;,0. 5 mg; 

Na.MoO,* 2H:0. 2.5 mg; K,HPO;. 218 mg; CaCK* 2H,0. 14 mg; FeCl,* 6H,0. 0.22 mg. 

NH,C1. 0.5 g; 500 ug] supplemented per liter of distilled water with 500 mg of 2.4-D. 80 

mg of Eosin B. 13 mg of methylene blue, and 20 g of purified agar. Cells that could 

mineralize the 2.4-D in this medium formed dark purple colonies on these plates due to 

the concomitant pH change. 

Individual colonies were selected from these plates, streaked to isolation on PH 

plates [peptone. 5.0g; yeast e.xtract. 3.0 g, CaCU, 1.1 g; HgCU. 25 mg; and 15 g of agar 
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liter of distilled water '], and then used as inoculum for PH broth [same as for plates, but 

without agar added]. Overnight PH broth cultures of each isolate were centrifuged at 

5.220 g for 5 min and the pellets resuspended in saline. Aliquots of 500 ul of each 

suspension were transferred to 3 mis of 2.4-D indicator broth [MgSO,* 7H;,0. 112 mg: 

ZnSO;* 7H,0. 5 mg; NaAloO,* 2H;0. 2.5 mg; KH^PO,. 340 mg; N'a.HPO.. 305 mg; 

CaCU* 2H;;0. 14 mg; FeCl;* 6H;;0. 0.22 mg; NH,C1. 0,5 g in 1 liter distilled water 

supplemented with 500 mg 2.4-D and 0,004% bromthymol blue. pH 7,0], In addition 

100 ul of each cell suspension was lysed via boiling at 98° C for 10 min for use as 

template in two PCR based analyses, and another 500 |il portion was stored at 4° C for 

plasmid analysis. ERIC PCR (Versalovic et al.. 1991) was conducted on each sample to 

generate a molecular fingerprint of each isolate, ERIC PCR was performed as described 

by \'ersalovic et al, (1994) with minor modifications, using primers ERIC IR and ERIC 2 

(De Bruijn. 1992). The presence of the pJP4 plasmid-borne ifilB gene was confirmed in 

isolates yielding unique ERIC fingerprints by PCR amplification a 205 bp portion of this 

gene (Neilson et al,. 1994). .A. modified miniscreen for large plasmids (Rodriguez. 1983) 

was used to assess the presence of an 80 kb plasmid. .All DNA was visualized using an 

•Alphalmager 2000 gel imager (.Alpha Innotech Corp.. San Leandro. C.A) following gel 

electrophoresis and ethidium bromide staining. In addition. Biolog (Biolog. Inc.. 

Hayward. C.A.) was used to identify a subset of the confirmed transconjugants. 
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Heterotrophic Plate Counts 

R.A (Difco. Detroit. Michigan) plates were used for the enumeration of 

heteroirophic microorganisms extracted trom soil as described above. Plates were 

incubated at 28 °C for six days. 

Quantitation of 2,4-D Biodegradation 

The level of 2.4-D within triplicate microcosms was measured 

spectrophotometrically using a procedure modified trom Di Giovanni et al. (1996). .A. 1.0 

ml aliquot of the vortexed soil/extraction solution was placed in a 1.2 ml microtuge tube 

and centrifuged at 16.000 g for 10 min. The absorbance of the supernatant was measured 

using a model Spectronic Genesys 2 spectrophotometer (Spectronic Instruments. Inc.. 

Rochester. NY) at A. = 230 nm. .\ny necessary dilutions were made with extracting 

solution. A blank microcosm (soil at same moisture content, uninoculated. unamended 

with 2.4-D) was analyzed in duplicate each sampling day to evaluate natural soil 

components that absorbed at this wavelength. The average blank value was subtracted 

from the corresponding 2.4-D readings for each sampling day. 



Results 

Screen to Assess Potential for Transconjugant Formation 

Single inoculated and control microcosms for each treatment were used to 

qualitatively assess plasmid pJP4 transfer from £. coli Dll to indigenous populations in 

four sandy loam soils, at different 2.4-D levels. Unamended soils (0 ug 2.4-D g dr>-

soil" I or soils amended with 500 or 1.000 ug 2.4-D g dry soil"' were examined. Soil 

microcosms were sampled 3. 7. 11. and 15 days after inoculation. Detection of 

presumpti\e transconjugants varied with time. soil, and level of 2.4-D amendment. 

Transconjugams were detected at all three 2.4-D levels for the Madera Canyon soil. In 

the Bear Canyon soil, transconjugams were detected in the soils amended with 500 or 

1.000 ug 2.4-D g dry soil"', while in the Rose Canyon soil they were only found at the 

500 ug 2.4-D g dry soil"' level. No transconjugants were detected in the Brazito soil at 

the amendment levels evaluated. The earliest detection of transconjugants within each 

soil ranged from 3 to 11 days. Despite the lack of replicates, rough information about the 

conduciveness of these soils to transfers is gained by an e.\amination of the numbers of 

transconjugants detected. With the e.xception of the unamended Madera soil, the 

presumptive transconjugants reached 10° and 10' CPU g dry soil"'. In the unamended 

Madera soil, only 10" presumptive transconjugants g dry soil"' were detected. ERIC PCR 

and ifdB PCR of several presumptive transconjugants indicated that gene transfer had 

occurred. 
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Enumeration and Characterization of Presumptive Transconjugants in Madera 

Canyon Soil 

An indigenous population or' 2.4-D degraders was present in the Madera Canyon 

soil as evidenced by the growth of light purple pinpoint colonies on the 2.4-D indicator 

plates by day 7. using either the control or treated soils. In contrast, presumptive 

transconjugants formed deep purple colonies, often with a metallic sheen. The number of 

indigenous 2.4-D degrading colonies increased with time from approximately 10"* g dry-

soil"' at day 7. to 10" g dry soil" by day 21. Most indigenous degraders resisted 

subculturing. even when the 2.4-D media they were initially isolated on was used, 

making turther analysis difficult. However, no randomly selected indigenous degraders 

were found to be mercury resistant or to contain an 80 kb plasmid. .•\ccordingly. light 

purple pinpoint colonies were not included in plate counts for presumptive 

transconjugants. Transconjugants not only persisted, but increased throughout the 21 day 

incubation, reaching a maximal level of presumptive transconjugants of 10 and 10" g dr\' 

soil"' for 500 (.ig and 1.000 |ig 2.4-D amendments respectively (Fig. I). Based upon 

heterotrophic plate counts, which remained fairly constant at approximately 2 x 10'* g dr\' 

soil ', maximal presumptive transconjugant levels represented approximately 10% of the 

carrying capacity (culturable microorganisms) of the soil. Similar trends in 

transconjugant numbers with time were observed for both 2.4-D amendment le\els, with 

a slight lag in increase of transconjugant numbers at the higher amendment level. 



Several presumptive transconjuganis obtained from each sampling day were 

streaked to isolation on PH plates and further characterized by ERIC PCR (Fig. 2). ifdB 

PCR. and plasmid protlle size analysis {Fig. 3). ERIC PCR analysis of presumptive 

transconjugants confirmed that none were E. coli Dll. In all. 20 different ERIC 

fingerprints of presumptive transconjugants were found. Representative isolates from 

each ERIC fingerprint were subjected to additional analyses. Figure 4 semi-

quantitatively depicts the distribution over time of ERIC fingerprints of randomly 

selected presumptive transconjugants. For the low and high 2.4-D amendment levels, a 

total of 103 and 96 presumptive transconjugants. respectively, were characterized by 

ERIC PCR. Identifications made via Biolog analysis were only to the genus level due to 

the limited database for envirorunental isolates, and the low similarity scores obtained for 

these environmental isolates. .A.11 199 transconjugants analyzed were identified as 

belonging to one of two closely related genera; Pseudomonas or Burkholderia (0.39-0.72 

similarity). .A.t each amendment level, two dominant recipient populations were detected 

throughout the study: "J" and "D" at 500 |.ig 2.4-D g dry soil"' and "R" and "D" at 1.000 |ig 

2.4-D g dry soil"'. For each sampling day. presumptive transconjugants were randomly 

selected from the highest dilution 2.4-D indicator plates and confirmed. Use of the 

highest dilution plates ensured that dominant transconjugant populations were selected 

and reduced the likely-hood of plate matings. 
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Degradation of 2,4-D 

At distinct time points, panicularly in microcosms amended with 1.000 ug 2.4-D 

g dr>' soil"', an increase in rate of 2.4-D degradation was observed in microcosms 

inoculated with E. coii Dll relative to the corresponding controls (Fig. 5). However, 

after 21 days, all microcosms showed complete 2.4-D degradation illustrating the 

capability of the indigenous microorganisms to degrade 2.4-D within the soil at the given 

contaminant levels. 

Discussion 

The frequency of gene transfer in non-sterile soil systems may var\' with time, soil 

type and level of 2.4-D amendment, as suggested by the screen conducted to assess the 

potential for transconjugam formation in four soils under different 2.4-D contaminant 

levels. Inoculation with £. culi Dll followed by donor counter-selection facilitated 

detection of gene transfer in not only Madera Canyon soil, but also in Rose Canyon and 

Bear Canyon soils. In similar studies using R. euiropha JMP134 as the donor, plasmid 

pJP4 transfer to indigenous Madera Canyon soil recipients was detected in soil amended 

with 1.000 |ig of 2.4-D g dr\' soil"', but not with 500 ug of 2.4-D g dry soil"' (De Bruijn). 

Use of the E. coli D11 donor facilitated detection of plasmid transfer to Madera Canyon 

soil recipients at both amendment levels. Furthermore, the use of the E. coli D11 donor 
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allowed deiecnon of plasmid transfer in Rose Canyon and Bear Canyon soils. No gene 

transfer was detected in either of these soils in studies at either amendment level using R. 

euiropha JMP134 as the donor (Unpublished data). Use of £. culi Dll and subsequent 

plating of extracted populations on 2.4-D indicator media circumvented this problem by 

eliminating donor interference. 

.•\lthough all four soils examined were ver\' similar in texture, differences in pH 

and soil organic matter content (Table 1) along with presumed differences in other 

biological and physicochemicai properties may account in pan tor the observed 

\ariability in the detection ot presumptive transconjugants. For e.xample. bioavailability, 

and thus presumptive toxicity of 2.4-D may be influenced by sorption to the organic 

matter of the soil. .A. threshold 2.4-D stress may be necessary in certain soils for 

presumptive transconjugant detection via selecting for plasmid bearing microorganisms, 

and or by increasing transfer frequencies. .-Mthough plausible, it should be noted that 

strictly speaking no direct evidence exits for this latter hypothesis. .\s suggested by the 

Rose Canyon microcosm results, high concentrations of 2.4-D mav inhibit presumptive 

transconjugant detection by stressing the indigenous populations to such an e.xtent that 

gene transfer did not occur at a detectable level. 

Figure 1 depicts similar trends in transconjugant numbers with time for both 

2.4-D amendment levels. Presumptive transconjugants detected at Day 0 may have been 

the result, at least in part, of plate matings due to the low soil dilutions plated. One noted 

potential problem with gene transfer studies is the occurrence of gene transfer on agar 
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surfaces following extraction trom the soil, resulting in an overestimation of the true 

frequency of gene transfer in the soil (Neilson et al.. 1994; Smit et al.. 1990: Walter et al.. 

1989). It has been suggested that when the number of donor cells is low (<10'' cells per 

plate) plate matings are of minimal concern (Smit et al.. 1990). Taking into consideration 

the dilutions counted in assessing presumptive transconjugants and the heterotrophic 

plate counts from the same sampling, it is unlikely that plate matings are a significant 

concern, except perhaps at Day U in the Madera Canyon study. However, it should be 

noted that no transconjugants uere detected at Day 0 in Bear Canyon or Rose Canyon 

soils, suggesting that Day 0 transconjugants in the .Madera Canyon study were not the 

result of plate matings. The possibility of gene transfer within the soil for Day 0 cannot 

be completely ruled out since a period of approximately half an hour elapsed between 

inoculation and plating of each microcosm. In addition, when evaluating presumptive 

transconjugant numbers, it is imponant to note that only the culturable traction of 

transconjugants are detected by plating on 2,4-D indicator media. Viable but 

nonculturable microorganisms, in addition to any transconjugants that lack the 

chromosomally encoded genes necessar\' for complete mineralization would have 

escaped detection. .Accordingly, absolute transconjugant numbers are probably higher. 

Several plausible explanations exist for the observed increase in transconjugants numbers 

with time: ongoing transfer from E. coli D11 to indigenous populations, successive gene 

transfer events between indigenous populations, or simply growth of the initial 

transconjugants themselves. However, the diversity of ERIC fingerprints indicates that 
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presumptive transconjugants did not arise simply from a single transfer event followed by 

growth, but that numerous gene transfer events occurred at some point in time. The 

longer lag phase corresponding to the 1.000 jig g dry soil" amendment level may be due 

to increased toxicity of the herbicide to indigenous populations relative to the 500 ug g 

dry soil"' amendment level. Presumably for similar reasons, a decrease in the diversity of 

transconjugants at the higher amendment level was obsen'ed as indicated by ERIC PCR 

(Figure 4). ERIC tlngerprint analysis also verified that the isolated presumptive 

transconjugants were not mutant. Z.4-D degrading, donors. Biolog identifications were 

only made to the genus level due to the limited database tor en\ ironmental isolates. 

.\t distinct time points, microcosms inoculated with £. coli Dll demonstrated 

slightly increased 2.4-D degradation (Fig. 51. .Although no presumptive transconjugant 

colonies were detected on the 2.4-D indicator plates for control microcosms, the rapid 

decline of 2.4-D concentration in control microcosms suggested the presence of 

indigenous 2.4-D degraders or consortia of microorganisms capable of carrying out the 

degradation. Degradation of 2.4-D by indigenous soil populations, blurring the action of 

introduced genes, is tairly common and e.xpected. The presence of such populations was 

also supported by the growth of light purple pinpoint colonies on the 2.4-D indicator 

plates. These indigenous degraders in conjunction with the fact that the donor itself is not 

capable ot completely mineralizing the 2.4-D may account for the only moderately 

increased rate of 2.4-D degradation at distinct time points upon E. coli Dl 1 inoculation. 



60 

Taken together, these results suggest that use of the £ coli donor counter-

selection system improved the detection of plasmid pJP4 transfer to indigenous soil 

populations. In addition, these studies indicate that gene transfer from an introduced 

donor to indigenous soil populations occurred in a variety of soils and at different 

contaminant levels. Seeding with £. coli D11 generated a variety of transconjugants. and 

holds potential for increasing the soil biodegradation capacity towards 2.4-D. particularly 

in soiis that lack an adequate intrinsic ability to degrade the herbicide (Richaume et al.. 

Funhermore. based upon this model system for studying plasmid transfer to 

indigenous populations, potential may e.xist for similar transfer of other plasmids to 

facilitate the degradation of more recalcitrant organics. and/or perhaps those present at 

sites co-contaminated with a metal. The ability to counter-select the donor may prove 

useful in terms of assessing the potential for gene release, whether intentional or not. into 

the en\ironment. 
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Table 1. Characteristics of the soils used. 
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Soil pH^' Texture" 

Composition (%) 

Sand Silt Clay Organic 

matter' 

Brazito S.5 Sandv Loam 76 12 

Bear Canvon 6.1 Sandv Loam 68 10 11.4 

Rose Canvon 5.4 Sandv Loam 74 17.1 

Madera Canvon 6.5 Sandv Loam 78 16 J.J 

'Deteirnini-'d by using a soil-water 11:1) extract 
Detcrmmt'd b> the hydrometer method^ 

"Determined by the Walkley-Blaek method (Chapman and Pratt. 1461). 
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o rs tf> o 

Time (Days) 

500 pg2,4-D/g Dry Soil + £. coli D \ 1 

H h - 1 . 0 0 0  p g  2 , 4 - D / g  D r y  S o i l  +  £ .  c o l i  D 1 1  

Figure 1. Enumeration of presumptive transconjugants in Madera Canyon soil 

microcosms. The data points are the means and standard deviations of three replicate 

microcosms. No presumptive transconjugants were detected in control microcosms. 
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" C A D C J J J  - I J  T T D  

Figure 2. Representative Day 7 presumptive transconjugant fingerprints generated by 

ERIC PCR. Lanes: 1, negative control; 2, 123 bp ladder; 3. E. coli donor. 4-15. 

presumptive transconjugants. Letters denote assigned ERIC fingerprint. 

Figure 3. Plasmid profile of selected isolates. Lanes I, 80-kb plasmid isolated from 

E. coli donor for size marker (positive control); 2-15, presumptive u-ansconjugants. A 

negative control from the same plasmid prep was run on another gel. 



T ransconjuoants 

ERIC Fingorprlnt 

SampliriQ Oay 

ERIC Fino^cprint 

Figure 4. Semi-quantitative analysis of" presumptive transeonjugant diversity over lime; A) lor 500 fig 2,4-D g dry soil"' 

amendment level; B) for 1,000 |.ig 2,4-D g dry soil"' amendment level. HRIC fingerprints are plotted against sampling day as a 
percentage of" presumptive transeonjugants analyzed per sample day. 

4-
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= 1000 
o 

10 
Time (Days) 

500 pg 2,4-D/g Dry Soil (Control) 

500 [jg 2,4-D/g Dry Soil + £. coli D11 

1.000 pg 2,4-D/g Dry Soil (Control) 

1.000 pg 2,4-D/g Dry Soil + £ coli D11 

Figure 5. Biodegradation of 2.4-D in Madera Canyon soil microcosms. The data points 

are the means and standard deviations of three replicate microcosms. 
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Microbial inocuia tor bioaugmentation often contain piasmids that encode tor 

metal resistance or contaminant degradative genes. Ho\ve\er. little is known regarding 

plasmid fate within contaminated ioiis. Column studies were used to e\aluate 

dissemination of plasmid pJP4 imder unsaturated or saturated tlow conditions in a 2.4-

dichloropheno.xyacetic acid (2.4-D) contaminated soil. Dissemination occurred not only 

through transport of the donor organism, but also via gene transfer to indigenous soil 

recipients. Conjugation is believed to be the mode of gene transfer of this conjugative 

plasmid; however, transformation may also play a role. Subsequent leaching of 

transconjugants. growth of transconjugants. and/or gene transfer from transconjugants to 

additional indigenous recipients may also have tacilitated plasmid dissemination. 

Plasmid pJP4 was introduced into 2.4-D amended soil via inoculation of a surface layer 

with an E. culi donor organism containing plasmid pJP4 at a concentration of 10" CPU g 

dry soil"'. Columns were destructively sampled following one week of percolation by 

removal of the soil in layers :o assess the vertical distribution of donors and 

transconjugants within the soil. Donor microorganisms and indigenous recipients of 

plasmid pJP4 within each layer were enumerated via plating on selective media. 

Concentration of 2.4-D within each soil layer and in the column effluent was monitored 

via HPLC analysis. In unsaturated soil. pJP4 was detected in both culturable donor and 

transconjugant cells within soil 10.5 cm from the inoculated end of the column 

(approximately 20% the transport distance of an ideal solute). In soil subjected to 
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saturated flow conditions, no transconjugants were detected; howe\ er. donors were found 

throu^iiout tlie entire length of the column (30.5 cm). These results suggest that donor 

transport in conjunction with plasmid transfer to indigenous recipients allows for 

signiilcant dissemination of introduced genes through contaminated soil, which in turn 

ma> promote enhanced degradation of organic contaminants. 

Introduction 

Bioaugmentation efforts in contaminated soils are often hampered by a rapid 

decline of introduced organism numbers and limited inoculum dispersion through the 

contaminated zone. Use of microbial inocula that contain plasmids may help circumvent 

these problems. .A. stable array of plasmid hosts can be established as a result of transfer 

of the plasmid from the inocula to indigenous soil bacterial recipients. Increased plasmid 

persistence in the soil, as well as increased dissemination of the plasmid resulting from 

sequential transfers between adjacent microorganisms, andyor due to increased transport 

of the plasmid within diverse soil transconjugant populations may also result. 

Plasmid bearing microorganisms are frequently used in bioaugmentation efforts 

because genes for metal resistance or contaminant degradation are often plasmid encoded 

(De Rore et al.. 1994a. De Rore et al.. 1994b. Ghosal and You 1985. Ghosal et al.. 1985. 

Kozdroj. 1994. Top et al.. 1990. Trevors and Berg, 1989). The potential for transfer of 

large catabolic plasmids from an introduced donor to indigenous microbial recipients has 
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been evaluated (Daane et al.. 1996. De Rore et al.. 1994a, Di Giovanni et al.. 1996. 

Duncan 1995. N'evvby et al.. 2000. Top et al.. 1998). In addition, enhanced remediation 

of contaminated soils as a result of such transfers has been documented (Di Giovanni et 

al.. 1996. De Rore et al.. 1994a. Neuby et al.. 2000. Top et al.. 1998). 

However, these studies were generally conducted in microcosms and little work 

has been done to evaluate the transport of introduced genes. .Although a few studies have 

concurrently assessed plasmid transfer from an introduced donor to indigenous recipients 

in conjunction with plasmid fate within a soil (Daane et al.. 1996. Lovins et al.. 1993). to 

our knowledge, this is the first study conducted under both unsaturated and saturated flow 

conditions to assess plasmid dissemination through donor transport and transconjugant 

dispersal. 

Plasmid pJP4 was used in this model system to assess catabolic plasmid 

dissemination (transfer and transport) in contaminated soil, since transfer of pJP4 to 

indigenous soil microbial populations has already been observed (Daane et al.. 1996. Di 

Giovanni et al.. 1996. Neilson et al.. 1994. Newby et al.. 2000). Tliis 80 kb. broad host 

range, self-transmissible. IncPl group, catabolic plasmid encodes resistance to mercuric 

ions and phenyl mercur>- acetate, and partial catabolism of 2.4-dichlorophenoxyacetic 

acid (2.4-D). 2-methyl-4-chlorophenoxyacetic acid, and 3-chlorobenzoate (Don and 

Pemberton. 1981). Genes carried on plasmid pJP4 are responsible for the transformation 

of 2.4-D to 2-chloromaleylacetate (Top et al.. 1998). It has been shown previously that 

microorganisms harboring pJP4. but which lack or do not express the chromosomally 

encoded maleylacetate reductase required for utilization of 2.4-D are not detected on 
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selective media where 2.4-D is the sole carbon source (Kinkle et al.. 1993. Don and 

Pemberton. 1981. Friedrich et al.. '.983. N'ewby et al.. 2000). .Accordingly, use of an 

£ coli donor that contained pJP4 allowed donor counter-selection via plating on a 2.4-D 

medium and subsequent detection of pJP4 transconjugants. 

There were two main objectives for this study. The tlrsi was to evaluate plasmid 

pJP4 dispersal through 2.4-D contaminated vertical soil columns under either unsaturated 

or saturated tlow conditions. Plasmid dissemination includes donor transport, plasmid 

transfer to indigenous microbes, and/or any transport or grovuh of any resultant 

transconjugants. The second objective was to assess the effects of bioaugmentation of the 

soil microbial gene pool on degradation of 2.4-D. 

Materials and Methods 

Soil 

•A surface soil characterized as a sandy loam with a pH of 6.5. collected from 

.Vladera Canyon Recreational .Area of the Coronado National Forest near Tucson. .Arizona 

was used as the matrix material for column experiments. To our knowledge this soil had 

not previously been exposed to 2.4-D. Gene transfer from £, coli D11 to indigenous 

populations within this soil has been demonstrated (Newby et al.. 2000). Soil was sieved 

(2 mm pore-size filter), and. if not used within a week of collection, stored at 4° C. Soils 

were brought to a gravimetric moisture content of 15% (39% of field capacity) with 
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0.01 M CaCl. (pH 7.0). and incubated at 28° C for a week prior to amendment, to allow 

accli.mation of indigenous microbial populations. 

Column Design and Sterilization 

Transport e.xperiments uere performed using ple.\iglass columns 30.5 cm in 

length with an inner diameter of 7.5 cm (Soil Measurement Systems. Tucson. AZ). 

Stainless steel plates with 2 mm pores were secured within both endcaps for each column. 

In addition, a nylon membrane was fastened within the effluent endcap. For unsaturated 

columns, the nylon membrane had a pore size of 5.0 um (Micron Separations. Inc.. 

Westborough. .M.A). while that used for saturated columns had a 32.0 |im pore size 

(Nite.x. Soil Measurement Systems. Tucson. .AZ). .All columns were packed in lifts 

(layers) with Madera Canyon soil to a bulk density of 1.2 g cm ". .Assuming a particle 

density of 2.65 g cm", the theoretical porosity of the soil packed within the column is 

54.7^Prior to packing, soil was amended with a ["o 2.4-D stock solution to achieve 

an amendment level of 500 ug of 2.4-D g dry soil"'. The 2.4-D stock solution was 

prepared by the addition of 10 g of 2.4-D (Sigma Chemical Co.. St. Louis. .MO) to 900 ml 

ot distilled water. Ten mis of 5 N KOH were added to facilitate dissolution of the 2.4-D. 

The pH was subsequently adjusted to 7.0 with concentrated HCl. the total volume 

brought up to 1.0 L. and the solution filter sterilized. 

Unsaturated columns were percolated from top to bottom, whereas for saturated 

columns the flow of the percolating solution was from bottom to top. to reduce the 

likelihood of entrapped air. Unsaturated flow was maintained by the application of 
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tension (160 cm water) at the base of the column, with concurrent application of 

percolation sohition at the top of the column. Tensiometers. insened 5.0 cm from each 

end of the column, were used to monitor the matric potential distribution within each 

column. The time required to reach steady state flow within each column was determined 

based upon these readings. Tensiometer readings were recorded with a 21.\ Micrologger 

data logger (Campbell Scientific. Inc.. Logan. L'T). Percolation solutions were delivered 

with an .A.cuflow Series II HPLC pump (Scientific Systems. Inc.. State College. P.A.). 

Columns were subjected to a sterilization process prior to packing. Columns were 

filled and then percolated with a 2'?'o bleach solution for 30 min. Columns were 

aseptically emptied, filled with a 0.1"o sodium thiosulfate solution, and then percolated 

with that solution tor 30 min. Finally, the columns were emptied, filled with 0.01 M 

CaCU and percolated with the CaCU solution for 30 min to remove any residual N'a from 

the column apparatus. 

Column E.xpcriments 

For each set of conditions, all column e.xperiments including controls were 

conducted twice. Corresponding control columns consisted of the same soils, amended to 

the same 2.4-D level and moisture content, and run under the same conditions, but 

without the donor inoculum. .A. 2.5 cm la> er. at the inflow end of each column, was 

inoculated with a late exponential phase culture of the donor inoculum. £ coli D11 

(Newby et al.. 2000). This donor harbors piasmid pJP4. but cannot be cultured on 2.4-D 

indicator plates (described below) because it lacks the chromosomal genes necessary for 
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complete mineralization of 2.4-D. The culture was harvested from PH broth [peptone. 

5.0g; yeast extract. 3.0 g. CaCU. l.l i; and HgCK. 5 mg liter of distilled water'], washed, 

and resuspended in 0.85°'o sterile saiine. E. coli D11 was added to soil prior to packing, 

to give an approximate inoculum density of 10" CFU g of dr}' soil"'. At the time of 

packing, the gravimetric moisture content of the soil was 25% (66% of field capacity). In 

microcosm experiments using the £ juli Dl 1 donor counter-selection system, high levels 

of gene transfer have been shown to occur at this moisture content (Newby et al.. 2000). 

Following packing, columns were allowed to incubate tor 48 hrs prior to the stan of 

percolation. This was done to allow optimal conditions for gene transfer to occur. 2.4-D 

was added to soil prior to packing in columns (even in columns percolated with 2.4-D) to 

serve as a selective pressure for plasmid bearing organisms during this incubation period. 

Percolation may decrease the initial donor to recipient ratio as a result of leaching, and/or 

may add undefined additional stress :o the system. 

Unsaturated columns were percolated at a tlow rate of O-O*? ml min ' (mean pore 

velocity. V = 7.8 cm d"') with a solution of 0.01 M CaCl, in initial experiments. 

Subsequent experiments utilized 0.01 M CaCl, and 1500 ppm 2.4-D adjusted to a pH of 

7.0 to maintain a selective 2,4-D pressure. Saturated columns were percolated at a tlow 

rate of 0.19 ml min' (mean pore velocity. = 10.7 cm d"' (assuming saturation during 

percolation)) with the latter solution. The flow rate used for unsaturated columns was the 

maximum that allowed for maintenance of unsaturated conditions. Flow rate was 

increased in saturated columns, in order to facilitate maximal bacterial transport. CaCl. 
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was a component of all percolation solutions to prevent dispersion of the soil, which 

wouid ha\e lead to decreased soil permeability. 

Column Sampling 

Columns were desiructivei\ sampled from the distai to the inocuiated end. by 

removal of the soil in layers following 7 d of percolation (9 d after inoculation). This 

time frame was selected because a previous study using the £. cali D11 donor counter-

selection system detected maximum transconjugants 7 days after inoculation in Madera 

Canyon soil amended with 500 ug of 2.4-D g dry soil"' (Newby et al.. 2000). Soil from 

each layer was placed in sterile polypropylene wide mouth screw-cap jars, and 

homogenized prior to e.xtraction of 2.4-D and microorganisms. The extraction process 

involved the addition of 1.2 g of moist soil (1 g dr\- soil) to a 9.5 ml extraction solution 

blank [6 [.i.VI Zwittergent detergent and 0.2° o sodium hexametaphosphate (Brendecke et 

al.. '.993)]. followed by vortexing tor 2 min. Column effluent was collected in a 

stoppered side-arm erlenmeyer flask, the volume measured, and 2.4-D levels determined 

by HPLC analysis. 

Isolation and Characterization of Presumptive Transconjugants and Donors 

Bacterial populations extracted from the soil were plated on Endo agar (Difco 

laboratories. Detroit. Michigan) medium amended with 25 ppm Hg. and on 2.4-D 

indicator plates, allowing for the selection of £ coli Dll and transconjugant isolates 
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respectively. The 2.4-D indicator plates contained 112 mg MgSO,* TH.O. 5 mg ZnSO.* 

7H,0. 2.5 mg Na^MoO;* 2H,0. 218 mg K.HPOj. 14 mg CaCl,* 2H;;0. 0.22 mg FeCl-.* 

6H,0. 500 mg N'HjCl. 500 mg 2.4-D. 80 mg Eosin B. 13 mg methylene blue, and 20 g 

purified agar per liter of distilled water. Cells that could mineralize the 2.4-D in this 

medium t'ormed dark purple colonies on these plates due to the concomitant pH change. 

E. coii Dll formed dark purple colonies with a metallic green sheen on the Endo/Hg 

agar. 

Presumptive transconjugam colonies were selected from the 2.4-D indicator 

plates, streaked to isolation on PH plates [5.0 g peptone. 3.0 g yeast extract. I .l g CaCU. 

25 mg Hg (added as HgClO and 15 g of agar liter of distilled water"'], and then used as 

inoculum for PH broth (composition as for PH agar, e.xcept without agar and only 5 mg 

Hg. added as HgCK). The presence of plasmid pJP4 within these isolates was supported 

by their growth in the presence of mercury. Overnight PH broth cultures of each isolate 

were centrifuged at 5.220 g for 5 min and the pellets resuspended in saline, .\liquots of 

500 ul of each suspension were transferred to 3 mis of 2.4-D indicator broth. This broth 

contained, per liter of distilled water. 112 mg .VIgSO,* 7H;0. 5 mg ZnSO,* 7H;0. 2.5 mg 

Na.MoO,* 2H:0. 340 mg KH^PO,. 305 mg Na.HPO,. 14 mg CaCK- 2H,0. 22 mg FeCh* 

6H.0. 500 mg NH^Cl. 500 mg 2.4-D and 0.004% bromthymol blue, at pH 7.0. In 

addition. 100 |il of each cell suspension was lysed via boiling at 98° C for 10 min prior to 

use as template for two PCR based analyses. Another 500 |il portion was stored at 4° C 

for plasmid analysis. ERIC PCR was performed on each sample as described by 
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V'ersaiovic et al. (1991) to generate a molecular fingerprint of each isolate. Primers 

ERICIR and ERJC2 were used. The presence of the pJP4 plasmid-bome tfdB gene was 

conrirmed in isolates yielding unique ERIC fingerprints by PCR amplification of a 205 

bp ponion of this gene (Neilson et al., 1994). .A, modified miniscreen for large plasmids 

was Used to assess the presence of an 80 kb plasmid iRodriguez and Tait. 1983). 

Transconjugants were identified via amplification of 16S rDN.A within each isolate 

(Dowd et al.. 1999). followed by DN.A. sequencing of the resulting amplification 

products. PCR products first were purified using a QiAquick PCR purification kit. The 

forward primer was subsequently used for dye termination PCR sequencing, which was 

performed at the University of .Arizona's Laboratory of Molecular Systematics and 

Evolution sequencing facility. Sequence analysis was performed with advanced BLAST 

2.0 (.Altshul et al.. 1990) on the National Center for Biotechnology Information's World 

Wide Web site (http:/w\vw.nchi.nlm.nih.go\ i. Product and plasmid DN.A was visualized 

using in .Alphalmager 2000 gel imager (Alpha Innotech Corp.. San Leandro. C.A) 

t'ollou ing gel electrophoresis and ethidium bromide staining. 

Quantitation of 2,4-D Biodegradation 

The concentration of 2.4-D within each column layer and in column effluent was 

monitored through the use of a Waters Associates LC Module 1 high-performance liquid 

chromatography (HPLC) system with the wavelength set at 235 nm and a Waters CI8 

column (3.9 x 150 mm). Elution was isocratic. and the mobile phase was acetonitrile-

acidified water (50:50. vol/vol) with a flow rate of I ml min"'. Waters Millennium'" 
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(version 3.05) software was utilized for peak integrations. Ptiosphoric acid was used to 

acidifS" the water to pH 2.6. For analysis ot'2.4-D within soil layers, a 1.0 ml aliquot of 

the vorte.xed soil/e.\traction solution was placed in a 1.2 ml microtuge tube and 

centrifuged at 16.000 g for 10 min. .A.liquots of effluent were analyzed as collected or 

after dilution. .-Vny necessary dilutions were made with e.xtracting solution. .A.11 samples 

were filtered through 0.45 um pore size polypropylene filters prior to HPLC analysis. 

Several Madera Canyon soil samples (blanks) that were uninoculated and unamended 

with 2.4-D. were analyzed to evaluate natural soil components that absorbed at this 

wavelength. 

Results 

Bacterial Isolation and Differentiation 

Donor microorganisms formed dark purple colonies with a metallic green sheen 

within 2 days on Endo media amended with 25 ppm Hg. ERIC PCR and ifdB PCR 

confirmed that isolates were indeed E. coli Dll cells. Presumptive transconjugants 

capable of mineralizing 2.4-D formed deep purple colonies, often with a metallic sheen 

within 5 days of incubation on 2.4-D indicator plates. .A.11 2,4-D degrading isolates that 

contained a plasmid similar in size to pJP4. had the ifdB gene, demonstrated mercury 

resistance were considered transconjugants. An indigenous population of 2.4-D degraders 

was also present in the Madera Canyon soil as evidenced by growth of light purple 
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pinpoint colonies (10' to 10' CFL" ^ iry soil" I on this medium from both inoculated and 

control column soil extracts. Most indigenous degraders resisted subculturing. None of 

the randomly selected indigenous iegraders were found to be mercur\' resistant or to 

contain an 80 kb plasmid. Accordingly, light purple pinpoint colonies were not included 

in plate counts for presumptive transconjugants. 

HPLC Analysis 

HPLC analysis of 2.4-D le\ eis within soil extracts and et'tluent samples produced 

a sharp, isolated 2.4-D peak. .Analysis of Madera Canyon soil blanks showed that no 

natural soil components sorbed at the specified wavelength within several minutes of the 

retention time necessary for 2.4-D detection. 

Column Equilibration 

Soil tension values expressed as cm Hp were obtained from the 

tensiometer,'pressure transducer data logger combination and subsequently plotted against 

time to establish equilibration times (Data not shown). Both unsaturated and saturated 

columns equilibrated after approximately 30 hrs of percolation. .All columns were 

initially subjected to transient flow conditions since the soil initially packed within the 

column was at a gravimetric moisture content of 25°'o. and equilibrated at higher moisture 

contents. .A.t equilibrium, pressure transducers from unsaturated columns indicated a 

tension of approximately -13 cm while those inserted in saturated columns indicated 

a pressure of approximately 35 cm H.O. Gravimetric moisture contents were determined 
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at the time of sampling for each la>er of soil removed from each column. The average 

gravimetric moisture content and siandard deviation of soil removed from unsaturated 

columns was 31.4 = \.2% (80.5°'o of field capacity), while that of saturated columns was 

42.5 = 1.6% (109.0°''o of field capacity). The unsaturated moisture content at the time of 

sampling is a good approximation of the moisture content during column percolation. 

Howe\er tor saturated columns, moisture was lost during the sampling process and thus 

this value underestimates the moisture content during percolation. 

Column .Analyses 

Numbers of £ coli D11 cells and pJP4 transconjugants, as well as the 2.4-D level 

within each soil layer of each column were determined. These values were plotted against 

the depth of the soil layer to create a "column profile" for each column. Figure 1 shows 

the column profiles tor all of the repeated inoculated column e.xperiments. Repeated 

column e.xperiments are differentiated in this tlgure by roman numerals. 1 and 11. When a 

(ouil value, population or 2.4-D level, is reported it is based upon the weighted sum of 

that value g dr%' soil"' within each layer. In order to ascertain the fate of any 2.4-D added 

to each column, both during packing and/or during percolation, a 2.4-D mass balance was 

performed. Total mass of 2.4-D added to each column along with the mass of 2.4-D 

within the column, within the effluent, and degraded are summarized in Table I. Column 

results are subdivided into inoculated and control columns. 

Unsaturated columns percolated with CaCK. Column profiles for inoculated 

columns percolated at a flow rate of 0.09 mi min"' (Vanai' cm d"') with 0.01 M CaCl, 
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are shown in Fig. l.A. The £ coli DI1 donor was transported into tiie 10.5-15.5cm layer. 

The u)uil number ot" donor cells that remained culturable was lO' CFU within each 

column, la contrast, transconjugants were dispersed only into the 4.0-5.5 cm layer. The 

greatest concentration of presumptive transconjugants within any given soil layer was 10" 

CFU g dry soil"'. 2.4-D was undetected in the upper layers of each column, whereas the 

average value tor the bottom soil layer was 159 |ag 2.4-D g dry soil"'. The total 2.4-D 

added to each column was 810 mg. The majority of this 2.4-D leached through the 

column, and very little remained within the column. Within these columns, an average of 

125 mg 2.4-D was degraded (Table 1). which corresponds to degradation of 77 ug 2.4-D 

g dry soil '. 

Unsaturated columns percolated with CaCK and 2,4-D. Fig. l.B depicts the 

column profiles of inoculated columns percolated at a flow rate of 0.09 ml min ' = 

7.8 cm d"') with a 0.01 M CaCK and 1.500 ppm 2.4-D solution. Percolation resulted in 

the transport of the E. coli Dl 1 donor as far as the 8.0-10.5 cm layer. comparison of 

the repeated experiments showed that total culturable donor cells varied by an order of 

magnitude, and were 10 and 10° CFU for the two repeated columns. Presumptive 

transconjugants were found to penetrate to a maximum depth of the 8.0-10.5 cm layer 

under these conditions. Transconjugant penetration to this depth was observed in only 

one of the two columns run under these conditions. In that particular column (Fig. l.B.II). 

transconjugant penetration exceeded that of donor cells which was only to the 5.0-8.0 cm 

layer. In the presence of the 2.4-D selective pressure, the highest concentration of 

transconjugants found within any given layer was 10° CFU g dry soil"'. The 2.4-D level 
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within these columns was fairly consistent, with an average \ alue for all layers of 827 ug 

2,4-D g dry soil '. However, it shouid be noted that concentrations of 2.4-D were slightly 

greater in soil near the top of the cotumn than near the base. On average, the total mass of 

2.4-D added to each column was 2.350 mg. The majority of this 2.4-D remained within 

the column, which resulted in a constant selective pressure for piasmid pJP4. and 

approximately a third of the added 2.4-D leached through the column. An average of 163 

mg 2.4-D was degraded (Table 1). which corresponds to 100 ug 2.4-D g dry soil"'. 

Saturated columns percolated with CaCI, and 2,4-D. Fig. l.C shows the 

column profiles of inoculated coiumns percolated at a flow rate of 0.18 ml min ' 

( V \ ^ ,  =  1 0 . 7  c m  d " ' )  w i t h  a  0 . 0 1  M  C a C U  a n d  1 . 5 0 0  p p m  2 . 4 - D  s o l u t i o n .  T h e  E .  c o l i  D l l  

donor was detected in all soil layers. total culturable donor population of only 10^ CFU 

was tbund within these columns. N'o transconjugants were detected in saturated columns. 

The concentration of 2.4-D remained fairly constant throughout each column layer, with 

an average of 834 ug 2.4-D g dry soil"'. On average 3.600 mg 2.4-D were added to each 

column. 1.350 mg remained within each column, and 1.850 mg leached through each 

c o l u m n .  . \ n  a v e r a g e  o f  4 2 5  m g  2 . 4 - D  w a s  d e g r a d e d  w i t h i n  t h e s e  c o l u m n s  ( T a b l e  I ) ,  

which corresponds to 263 |ag 2.4-D g dry soil"'. 

No donor or presumptive transconjugant cells were detected in any corresponding 

control columns. Table 1 shows that the partitioning of the amount of 2.4-D within each 

column, within effluent, and the amount degraded was similar, in all cases, to 

corresponding inoculated columns. The distribution of 2.4-D within soil layers of each 

column was also similar to the corresponding inoculated columns (Data not shown). 
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Transconjugant Characterization 

From each column that coniained presumptive transconjugant populations, several 

colonies were randomly selected from 2.4-D indicator plates, streaked to isolation on PH 

plates and further characterized b;- ERIC PCR. ifdB PCR. and plasmiu proi'ile size 

analysis. Presumptive transconjugants were selected from the highest soil dilution 2.4-D 

indicator plates, to reduce the likeiihood of plate matings and to ensure that dominant 

populations were represented. ERIC PCR analysis confirmed that no presumptive 

transconjugants were £. coli D11. 

Due to variance between the two inoculated unsaturated columns percolated with 

CaCl- and 2.4-D (Fig. l.B). in terms of transconjugant numbers and their dispersion 

throughout each column, an ERIC PCR based semi-quantitative analysis of 

transconjugant diversity was conducted on these two columns (Fig. 2). .Molecular 

fingerprints generated via ERIC PCR allowed sensitive differentiation of transconjugants. 

The reported percentage of anahzed transconjugants was based upon 10 presumptive 

transconjugants trom each layer. The identities of transconjugants isolated for this 

diversity analysis are shown in Table 2. .A.11 transconjugants were found to belong to the 

genus Burkhokkria. and were one of three species: caribiensis. kuranei. or cepacia. 

Greater di\ ersity of ERIC fingerpnnts was detected in the column where transconjugants 

were found to extend only to the 4.0-5.5 cm layer (.Fig. 2.A). It was determined that 

members of the first two Burkholderia species generated these diverse molecular 

fingerprints. In contrast, in the other CaCU and 2.4-D percolated column (Fig. 2.8), 
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where iransconjugants extended t'unher into the profile (8.0-10.5 cm layeri and loid 

transconjugant numbers were higher, fewer unique ERIC tmgerprints were obser\ed. 

However, these fingerprints were found to correspond to members of all three 

Burkholiieria species. 

Discussion 

Both unsaturated and saturated column e.xperiments showed that donor 

populations remained culturable on i-{g amended Endo medium 9 d after inoculation, and 

following 7 d of percolation. This medium was found to be highly selective for £. coli 

Dll. since all examined dark purple colonies with a green sheen that grew on this 

medium, produced the donor ERIC fmgerprint and contained an 80 kb plasmid. The fact 

that donor cells were transponed similar distances in unsaturated columns (to the 10.5-

15.5 cm layer, approximately 41"o of the theoretical ideal solute transport of 37 cm), 

regardless of the percolation solution (=: 2.4-D). was not surprising since the same flow 

rate of 0.09 ml min ' (= 7.8 cm d"') was used. Furthermore. 2,4-D in the percolation 

solution would not be selectiveh advantageous for the £ coli donor. In fact, total 

culturable donor cell numbers decreased 1-2 orders of magnitude from the inoculated 

value (10") in unsaturated columns percolated with CaCU and 2.4-D. while they 

remained culturable to the same order of magnitude as inoculated (IC*) in unsaturated 

columns percolated with only CaCL. The slight decrease in donor transport upon 

addition of 2.4-D to the percolation solution may also be due in part to the increased 
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transconjugant population which may aker adhesion and'or transpon of the donor. Under 

unsararated tlow conditions, organisms are transported tlirough smaller pores, while 

saturation of the soil results in bulk movement of microorganisms with the percolation 

solution through larger pores. It has been well established that increased soil moisture 

content and higher percolation tlow rates facilitate transport of introduced bacteria. Thus, 

the higher tlow rate used in saturated columns (0.18 ml min = 10.7 cm d"'). and the 

higher moisture content most likely accounted for the obser\-ed increased donor transpon 

(throughout the 30.5 cm soil column) relative to unsaturated columns. Under the 

saturated tlow conditions used, an ideal solute would have been transported 

approximately 75 cm. 

.A. 1-2 order of magnitude decline in total number of culturable donor cells within 

unsaturated columns from 10" CFU to 10 and 10" CFU was observed upon addition of 

2.4-D to the percolation solution. This is likely due to stress associated with the increase 

in teal mass of 2.4-D added to each column from 8 \ 10" mg to 2 .\ 10' mg. The further 

decrease in total culturable donor numbers to iO" CFU for the saturated columns, may 

also be attributed to an additional increase in the total amount of 2.4-D added to each 

column (3 10' mg) and/or to decreased oxygen availability. Since the donor was 

transported throughout the full length of the column, some cells may have also been lost 

from this system in effluent. 

Transconjugant populations were observed in all inoculated, unsaturated columns. 

Higher transconjugant numbers were found in columns percolated with 2.4-D. 

presumably because more 2.4-D remained within the columns to serve as a selective 
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pressure tor plasmid transfer and. or. more likely, for transconjugant growth. The 

presence of a selective pressure has been shown in se\eral studies to result in larger 

transconjugant populations (Brokamp and Schmidt, 1991. De Rore et al. 1994a. Di 

Giovanni et al.. 1996. Newby et al.. 2000. Top et al.. 1998). 

No transconjugants were detected in columns run under saturated conditions. 

Three plausible explanations for this observation are: 1) that gene transfer does not occur 

under saturated conditions due to oxygen limitations; 2) that increased transport of donor 

cells decreased the ratio of donors to potential recipients to a point that any 

transconjugants formed were belou the limit of detection (10"' g dr>' soil"'); or 3) that the 

donor to recipient ratio was so low that transconjugants did not form. In order to test the 

first hypothesis, triplicate saturated microcosms containing 100 g dry Madera Canyon 

s o i l  a m e n d e d  w i t h  6 5 0  | i g  2 . 4 - D  g  d r y  s o i l " '  a n d  i n o c u l a t e d  w i t h  1 0 "  C F U  E .  c o l i  D / /  g  

dr\' soil"' were set up. Following 9 d of incubation. 10' transconjugants g dry soil"' were 

detected in these microcosms (Data not shown). No presumptive transconjugants were 

found in corresponding triplicate control microcosms (Data not shown). This study 

demonstrates that significant gene transfer can occur even in oxygen limited 

environments. Thus, it is likely that the lack of detection of transconjugants in the 

saturated columns was due to the decreased donor to potential recipient population ratio. 

Not only were donor cells dispersed throughout the column, but their culturable numbers 

were lower at the time of sampling than in imsaturated columns. However, it is important 

to note that since the donor was dispersed throughout the entire 30.5 cm long column. 
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there was potential for plasmid transfer to occur throughout the entire length of the 

column. 

In addition, absolute transconjugant numbers were probably higher than those 

obser\ed for the unsaturated columns. Only culturable transconjugants were detected by 

plating on 2.4-D indicator medium. \'iable but nonculturable transconjugants. in addition 

to an\- transconjugants lacking the chromosomally encoded genes necessary for complete 

2.4-D mineralization or unable to express the plasmid encoded genes and thus unable to 

grow on the 2.4-D indicator medium would have escaped detection. .Although little direct 

evidence regarding the occurrence of maleylacetaie reductase genes among indigenous 

populations is available; the ubiquity and diversity of soil microbial populations capable 

of mineralizing 2.4-D suggests that these genes are probably relatively common. 

For columns in which transconjugants were detected, it was not possible to 

determine if transfer of plasmid pJP4 occurred within the inoculated soil layer with 

transconjugants subsequently distributed to lower depths, or whether transfer occurred at 

the depths after the donor was transported. Observed penetration of transconjugants 

through the soil may have also resulted, in part, from sequential transfers between 

adjacent microorganisms and/or due to increased transpcn of the plasmid within diverse 

soil transconjugant populations, some of which were small and mobile. 

The use of sieved, repacked soil facilitated the homogeneity of indigenous soil 

microbial populations, soil components, contaminant distribution, and bulk density, but 

may have underestimated the potential for vertical transmission of donor and 

transconjugant cells in naturally occurring soil. Macropores associated with earthworm 
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acti\ ity. plant roots, and other soil fissures are known to lead to preferential tlow and are 

prevalent in undisturbed soil. Lovins et ai. (1993) used undisturbed soil cores to evaluate 

the extent of vertical leaching ot P aeruginosa, and any resulting transconjugants. In 

their study, donors and transconjugants had both reached a depth of 30-40 cm following 

7 d or" unsaturated tlow (100 ml daily additions of 2 mM CaCK). This suggests that in an 

undisturbed soil, dispersion of plasmid pJP4 would be even greater than that observed in 

this study, which used a homogenized soil matri.x. 

The semi-quantitative ERIC PCR based analysis of transconjugant diversity 

(Fig. 2). within repeated unsaturated columns percolated with CaCKand 2.4-D. produced 

interesting results. One column contained more total transconjugants and had greater 

column penetration by the transconjugants. but fewer ERIC fingerprints were generated 

from these transconjugants. These ERIC fingerprints were generated by three 

Burkhulderia species, while the more diverse transconjugant ERIC fingerprints from the 

other column run under the same conditions were generated by only two Burkhulderia 

species. These results can he explained by the fact that the ERIC PCR molecular 

fingerprinting technique is very discriminator}', and thus a good tool for grouping 

isolates, differences may be at the subspecies or strain level (Versalovic et al.. 1991). 

Dominant transconjugants from this column may be more mobile due to size or surface 

properties, although no analyses were conducted to evaluate this hypothesis. It is also 

possible that the observed increased transport simply results from the presence of more 

total transconjugants. which may help overcome potential limitations associated with 

sensitivity of detection. Since isolates were selected from the highest dilution plate that 
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supported presumpti\e transconjugant populations, only dominant populations were 

characterized by ERIC PCR. Thus, although only one ERIC tlngerprint was determined 

to be common to both columns, it is possible that they shared additional transconjugant 

populations that comprised minor portions of each population. Funhermore. the diversity 

of presumptive transconjugant ERIC trngerprints indicates that presumptive 

transconjugants did not arise simpl> from a single transfer event followed by growth, but 

that numerous gene transfer events occurred within the soil. 

The distribution of 2.4-D within unsaturated columns percolated with only CaCL 

in conjunction with each respective 2.4-D mass balance, indicated that a relatively small 

"o of the added 2.4-D was degraded and that 2.4-D leached readih' tlirough the soil. 

Estrella et al. (1993) also noted the high degree of leachability of 2.4-D within a sandy 

loam soil mixture. .Accordingly. 2.4-D was added to the percolation solution to maintain 

a selective pressure for plasmid pJP4. with the intent of increasing numbers of 

presumptive transconjugants either by increasing gene transfer or by providing a 

competitive niche for transconjugant growih. Based upon moisture content within the 

unsaturated columns percolated with only CaCK. a CaCK solution amended with 1.5 x 10 ' 

ppm 2.4-D should have maintained a 500 |ig 2.4-D g dry soil"' amendment within the 

columns. Howe\ er. column profile analysis of the unsaturated flow columns showed that 

2.4-D levels within the column were higher than expected, indicating that sorption had 

occurred. For consistency, the same level of 2.4-D in the percolation solution was used 

for the saturated columns. similar amount of 2.4-D sorption also occurred in the 

saturated columns. This suggests that after soil sorption sites for the 2.4-D became 
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saturated, additional 2.4-D remained in solution and was collected in the etfluent. The 

mass of 2.4-D degraded increased as the total mass of 2.4-D added to columns increased 

(Table I). This may be due to adaptation of microbial populations to the presence of the 

2.4-D or simply a result of availability of the 2.4-D for degradation. Rates of 2,4-D 

degradation (ug dry soil"'^ were comparable to those observed in previous microcosm 

studies (Di Giovanni et al.. 1996. Xevvby et al., 2000) using Madera Canyon soil, and 

represent significant degradative capabilities of the soil microbial community. 

.A. comparison of control columns with their respecti\e inoculated columns 

indicated little difference in 2.4-D distribution between the amount within column, 

amount degraded, or the amount within effluent (Table 1). The distribution within 

column layers was also similar to the respective inoculated columns (Data not shown). 

Furthermore, appro.ximately the same amount of 2.4-D was degraded within control and 

inoculated columns. This illustrated the capability of the indigenous microorganisms to 

degrade 2.4-D within the soil under each set of experimental conditions. 

Indigenous soil microbial populations are often capable of degrading 2.4-D: 

indigenous 2.4-D degraders andy'or consortia of microorganisms may be responsible. 

Grovuh of light purple pinpoint colonies on the 2,4-D indicator plates from both 

inoculated and control columns suggested the presence of such a population. .-Mthough no 

presumptive transconjugants were detected on the 2.4-D indicator plates for control 

columns, comparable amounts of 2.4-D degradation were observed in control and 

inoculated columns run under the same conditions. This is not surprising since E. coli 

D11 carmot completely mineralize 2,4-D. and it has been shown that indigenous 
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microbial populations within Madera Canyon soil can readily degrade 2.4-D (Newby et 

al. ZOOO). Thus, any effect on 2.4-D degradation resulting from bioaugmentation would 

likeh have been masked. Variabiiity in amount 2.4-D degraded between repeated 

columns was also comparable to :hat observed between corresponding control and 

inoculated columns. 

This model system which was designed to assess plasmid fate within 

contaminated soil, provides useful insight into the potential success of bioaugmentation 

with plasmid bearing microorganisms. The donor bacterium. £ coH D11. was found to 

penetrate significant distances into the column following 7 d of percolation under all 

column conditions examined. In addition, this study showed that inoculation with a 

plasmid bearing microorganism holds potential for altering the soil microbial gene pool 

as evidenced by the generation iM' a variety of transconjugants. Transconjugant 

populations presumably are a stable array of hosts for the plasmid. and consequently of 

the genes of interest. .Although plasmid pJP4 was not found to influence 2.4-D 

degradation within .Vladera canyon soil which supports an indigenous population capable 

of readily degrading 2.4-D. it may be useful in soils that lack an adequate intrinsic ability 

to degrade the herbicide (Roane. 1999). Detection of transconjugants deeper in the 

column profile than donor cells were found to extend is significant since it suggests gene 

transfer may facilitate increased plasmid dissemination through a contaminated zone. 

Furthermore, potential may exist for similar transfer of other plasmids to facilitate the 

degradation of more recalcitrant organics. and/or perhaps those present at sites co-

contaminated with metal(s). These results suggest that two problems that often hamper 
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bioaugmentadon et'fons. limited inoculum dispersal and decline in inoculum numbers 

may be alleviated, in pan. by inoculation with plasmid bearing microorganisms. 
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Table 1. 2.4-D mass balance for repeated inoculated and control columns run under 

each set of flow conditions. Roman numerals differentiate repeated experiments (see 

Fig, 1 i.*Slight difference in the total amount of 2.4-D added for repeated experiments are 

the result of slightly different percolation times. 

Inoculated columns 

Total Column Effluent Degraded 

Column Total •Mass " o Total Mass "b Total Mass "o Total 

Conditions 2.4-D '.sithin 2.4-D within 2.4-D degrade 2.4-D 

For Repeated added jolumn added Effluent added d (mg) added 

Experiments Expt. (mg) img) (mg) 

Unsaturated flow 1 810 48 6"o 640 -9% 120 15'''o 

CaCi-

0.09 ml min"' 11 810 80 10% 600 74° b 130 16% 

Unsaturated tlow I 2400* 1500 60% 860 36% 95 4°'o 

CaCl- - :.4-D 

0.09 ml min"' 11 2300* 1300 55°b 810 35° 0 230 10% 

Saturated tlow 1 3600 1400 38'>b 1900 r'3'' 0 320 9''o 

CaCl- - 2.4-D 

0.18 ml min"' 11 3600 1300 36% 1800 49% 530 15% 

Control columns 

Total Column Effluent Degraded 

Column Total .Mass "o Total .Mass "o Total Mass "b Total 
Conditions 2.4-D within 2.4-D within 2.4-D degrade 2.4-D 

For Repeated added column added Effluent added d (mg) added 
Experiments Expt. img) (mg) (mg) 

Unsaturated flow 1 810 73 9°'o 710 88% 23 3% 
CaCN 

0.09 ml min"' II 810 49 6°'o 710 OO
 

OO
 e
 

48 6 ' 'b 

Unsaturated flow [ 2200 1200 54% •'10 32% 320 14% 
CaCl- - 2.4-D 

0.09 ml min ' 11 2200 1100 51% 710 32°'o 360 16% 

Saturated flow 1 3600 1300 36% 1800 48% 570 16% 
CaCl, - :.4-D 

0.18 ml min"' II 3600 1400 37% 1800 49°/o 490 14% 
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Table 2. Identities ot'transconjuganis from unsaturated columns percolated with 0.01 M 

CaCK and 1.5 x 10" ppm. 2.4-D. Homology percentages reflect the similarity between 

the quer\- and database sequences. 

ERIC 

Fingerprint 

Isolate Identity Homology ("ol 

A Burkholderia canhiensis QQ 

B Burkholderia caribiensis 
C Burkholderia earth lensts 
D Burkholderia kuranei ctS 

E Burkholderia kuranei 97 

F Burkholderia canbiemis 99 

G 3urkholderia canriensis 99 

H Burkholderia curwiensis 97 

1 Burkholderia cepacia 99 

J Burkholderia caririensis 99 

K. Burkholderia car ib tens is 99 
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Figure I. Column profiles for repeated inoculated columns subjected to the specified 

tlow conditions: A) unsaturated, tlow 0.09 ml min ', 0.01 M CaCK percolation solution; 

B) unsaturated, flow 0.09 ml min '. 0.01 M CaCU and 1.5 x 10^ ppm 2.4-D percolation 

solution; and C) saturated, flow 0.18 ml min '. 0.01 M CaCl;, and 1.5 x 10^ ppm 2.4-D 

percolation solution. Roman numerals differentiate repeated experiments. The 0-2.5 cm 

layer was inoculated with E. coli D11 and was oriented so that it was at the influent end 

of the column. No £. coli Dl 1 cells or transconjugants were detected in control columns. 

Distribution of 2.4-D in control columns was similar to corresponding inoculated 

columns. 
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Figure 2. ERIC fingerprint based semi-quantitative analysis of transconjugant diversity 

from repeated inoculated, unsaturated, columns percolated with 0.01 M CaCl, and 

1.5 \ 10' ppm 2.4-D. Graph .A corresponds to the column with transconjugant 

penetration to the 4.0-5.5 cm layer (Fig. l.B.l). while graph B represents the column with 

transconjugant penetration to the 8.0-10.5 cm layer (Fig. I.E.II). Graph 8 analysis does 

not include the 8.0-10.5 cm layer because not enough transconjugants were available. 

Each pattern represents a different ERIC fingerprint. 
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Abstract 

An intermediate tleld scale study was conducted in bioreactors to assess the 

impact of bioaugmentation with two plasmid pJP4 bearing microorganisms: the natural 

host. Ralsionia eutropha JMP134. and a laboratory generated strain amenable to donor-

counter selection. E. coli Dll. The Rubionia contained chromosomal genes necessar\-

tor mineralization ot" 2.4-D. while the E. coli did not. .Xccordingly. inoculation with 

Rahionia was considered cell bioaugmentation and inoculation with E. coli Dll. gene 

augmentation. The soil system was contaminated with 2.4-D alone or co-contaminated 

with 2.4-D and Cd. Plasmid transfer to indigenous populations, plasmid persistence in 

soil, and degradation of 2.4-D were monitored over a 63 day period in the bioreactors. In 

order to assess the impact of contaminant re-exposure, aliquots of bioreactor soil were re-

amended with additional 2.4-D. Both introduced donors remained culturable and 

transferred plasmid pJP4 to indigenous recipients, although to different extents. Isolated 

transconjugants were members of the Biirkholderia and Rablonia genera, suggesting 

multiple if not successive plasmid transfers. Upon a second exposure to 2.4-D. enhanced 

degradation was observed in all treatments, suggesting microbial adaptation to 2.4-D. 

Degradation was most rapid in the gene augmented treatments. Cd did not significantly 

impact 2.4-D degradation or transconjugant formation. In addition, the establishment of 

an array of stable indigenous plasmid hosts may be particularly useful at sites with 

potential for re-e.xposure or long term contamination. 
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Introduction 

Increased public awareness of environmental pollution has brought to the 

forefront the need for new technologies to help mitigate deterioration of environmental 

quality. Contaminated sites are often bioaugmented with bacteria with specific 

capabilities such as metal resistance or contaminant degradation. Ho\ve\'er in many 

instances, introduced microorganisms do not survive well due to stresses inherent in the 

soil environment, including competition from indigenous microorganisms, .\nother 

approach to bioaugmentation is to inoculate the contaminated site with microorganisms 

that contain the resistance and/or degradative genes on self-transmissible plasmids. 

These plasmids may be transferred to indigenous microorganisms that possess the 

characteristics necessar\- for growth and survival in the soil environment, and thus, 

establish a stable array of hosts for the plasmids. 

Transfer of large catabolic plasmids from an introduced donor to indigenous 

microbial recipients has been evaluated (Daane et al.. 1996. De Rore et al.. 1994. Di 

Giovanni et al.. 1996. Duncan 1995. Newby et al., 2000, Top et al.. 1998). Furthermore, 

enhanced remediation has been attributed to such transfers (Di Giovarmi et al.. 1996. De 

Rore et al.. 1994. Newby et al.. 2000. Top et al.. 1998). Use of this bioremediation 

approach may be of panicular interest for sites that contain both organic and metal 

contaminants, since the presence of metals has been shown to significantly reduce, if not 
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inhibit, organic degradation (Said ^nd Lewis. 19^1. Springael et al.. 1993. Topp and 

Hanson. 1990). 

In the L'nited States alone, approximately 37°'o of sites contaminated with an 

organic also contain inorganic contaminants such as heavy metals (Kovalich. 1991). 

Bioaugmentation studies tor co-contaminated sites have focused on the introduction of a 

microorganism that is both metal resistant and capable of organic degradation. Strains 

constructed \ia plate matings have been shown to be capable of 2.4-

dichlorophenoxyacetic acid (2.4-Di degradation in the presence of nickel and zinc 

(Springael et al.. 1993). .\lthough this study was done in broth, it demonstrated that it is 

possible to have organic biodegradation in the presence of metal stress. Several studies 

have also shown that it is possible to isolate metal resistant microbial populations from 

metal contaminated soils as well as from soil with no metal contamination. It stands to 

reason that transfer of a catabolic plasmid to metal resistant indigenous recipient 

populations may be another approach to facilitate remediation of co-contaminated sites. 

Gene transfer studies in soil have typically been conducted in microcosms or 

columns containing between a hundred grams to a few kilograms of soil. .Although these 

studies are useful in assessing the potential for gene transfer, their relatively small scale 

may not produce results representative of soil in the field. In addition, the controlled 

laboratory conditions do not realistically reflect environmental conditions. Thus, the 

scale of this study was increased to the intermediate field scale and incubated within 

greenhouses. 
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Plasmid pJP4 was used in tliis model system to assess catabolic plasmid 

dissemination in contaminated soii. Two pJP4 hosts were used as inocula for tleld soil 

bioreactors: the natural host. Ralsionia eutropha JMP134; and a laborator% generated 

strain amenable to donor-counter selection. E. coli D11. Plasmid pJP4 is 80 kb in size 

and encodes for the degradation ot" 2.4-D to 2-chloromaleylacetic acid. Further 

degradation from 2-chloromaleylactic acid to succinic acid is chromosomally encoded 

(Perkins et al., 1990. Short et al.. 1991. Top et al., 1995). Genes coding for resistance to 

mercuric ions and phenyl mercur> acetate are also found within this plasmid (Don and 

Pembenon, 1981). The R. eutropha host could degrade 2,4-D, while the E. culi host 

lacked chromosomal genes necessan' for complete mineralization. .Accordingly, 

inoculation with R. eutropha was considered to be cell bioaugmentation. while 

inoculation with E. coli Dll was considered to be gene augmentation. Numerous 

laboratory microcosm studies have been conducted using these donors (Daane et al.. 

19Q6, Di Giovanni et al.. 1996. Neilson et al.. 1994. Newby et al.. 2000. Newby and 

Pepper. 2000). The foci of these studies included plasmid transfer to indigenous 

populations, plasmid and donor transport, and 2.4-D degradation. 

There were two main objectives for this bioaugmentation study. The first 

objective was to evaluate plasmid pJP4 plasmid transfer from two inu-oduced pJP4 

donors to indigenous microbes in soil contaminated with 2.4-D alone, and in soils co-

contaminated with 2.4-D and Cd. .Associated sub-objectives included comparisons of 

transconjugant generation and identity, and of plasmid persistence in the different soil 

treaunents. The key difference between these pJP4 donors was their ability {R. eutropha) 



n o  

or inability (£. coli) to mineralize I.4-D. Thus, the second main objective was to assess 

the effects of cell bioaugmentation \R. eutropha donor) or gene augmentation (£ coli 

donori of the soil microbial gene pooi on degradation of 2.4-D. 

Materials and Methods 

Soil 

A surface soil not known to have previously been exposed to 2.4-D and 

characterized as a sandy loam with a pH of 6.5 was collected from .Madera Canyon 

Recreational .Area of the Coronado National Forest near Tucson. .Arizona. Soil was 

sieved (5 mm pore size) and stored at the t'leld site for si.x days prior to contamination and 

inoculation of individual bioreactors. Moisture content during storage period was the 

same as that at the time of collection. 3% gravimetric (8°'o water-holding capacity). 

Field Bioreactors 

Each 20 L polypropylene bioreactor (46 cm x 76 cm) contained 12.5 kg dr\-

weight Madera Canyon soil. .A description of bioreactor treatments, all conducted in 

triplicate, is shown in Table I. Inoculants and amendments were applied to soil aliquots 

while soil was being mixed in a cement mixer. In order to avoid cross contamination, 

treatments were set up according to the following protocol: treatment I; treatment 4; 

mixer rinsed with tap water: treatment 2; treatment 5; mixer rinsed with 10% bleach and 
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rinsed with tap water: treatment 3. and treatment 6. Appropriate \olumes ot" l^o stock, 

solutions of CdCU and;or 2.4-D \\ere added to bioreactors to achieve the contaminant 

level! s) for each treatment. The I.4-D stock solution was prepared as detailed by Di 

Giovanni et al. (1996). Donor microorganisms were grown to late exponential phase in 

PH broth [5.0g peptone. 3.0 g yeast extract, l.l g CaCU, 5 mg Hg added as HgCl.), liter 

of distilled water"'], diluted 10-fold with sterile saline, and added to treatments to give an 

approximate inoculum of 10" CFU g dry soil"'. 1:10 strength PH solution was added to 

controls to compensate for nutrient and Hg additions added with inoculum, to inoculated 

treatments. Tap water was used to achieve comparable initial moisture contents between 

all treatments and to maintain the moisture level at approximately 25°'o gravimetric 

moisture content (64% water-holding capacity ) throughout the course of the study. 

Bioreactors were incubated in two greenhouses located at the University of 

.Arizona Campbell .Avenue .Agricultural Station. Tucson. AZ. Inoculated bioreactors 

were mcubated in one greenhouse, while controls were located in another. Bioreactors 

inoculated with different donors were spatially separated within the greenhouse. 

Greenhouses were used to separate controls from treatments, and to ir\' to equalize 

thermal conditions for all bioreactors. Temperatures within greenhouses ranged from 3 to 

47 "C. However, these represent temperature e.xtremes. Based upon ambient 

temperatures, the greenhouse temperatures ranged from 10 to 20 °C the majority of the 

time. 

Two soil cores (45.7 cm x 2.5 cm) were collected weekly from each bioreactor. 

To eliminate cross-contamination, the soil corer was disinfected with 10% bleach and 
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rinsed with tap water between treatment sampling. Soil from the cores was homogenized 

and analyzed to determine 2.4-D levels and the numbers of culturable donor and 

transconjugants cells. Microorganisms and 2.4-D were extracted from the soil by the 

addition of 6 g of moist soil (5 g dr\' soil) to a 47.5 nil extraction solution blanJc [6 [iiVI 

Zwittergent detergent and 0.2"o sodium hexametaphosphate (Brendecke et al., 1993)]. 

followed by shaking for 5 min at speed 10 on a Multi-wrist* shaker (L.A.B-LINE 

Instruments. Inc.. Melrose Park. ILl. 

-Microcosms 

On Day 49. moist soil (100 g dry weight) from each bioreactor was placed in a 

sterile 0.5 L polypropylene wide mouth screw-cap jar. Two days later (Day 51). this soil 

was re-spiked with 500 ug 2.4-D g dry soil"'. Microcosms were sampled on the day they 

were spiked, and 3. 7. and 14 days tbllowing the re-amendment with 2.4-D. Donor and 

transconjugant numbers and 2.4-D levels were assessed for each of these days following 

the same protocols as used for the bioreactor analyses. Microcosms were incubated in the 

same greenhouses as the bioreactors. 

Isolation and Characterization of Presumptive Transconjugants and Donors 

Bacterial populations e.xtracted from the soil were plated on Endo agar (Difco 

laboratories. Detroit. Michigan) medium amended with 25 ppm Hg and on 2.4-D 

indicator plates, allowing for the selection of E. coli Dll and transconjugant isolates, 

respectively. The 2.4-D indicator plates contained 112 mg MgSO/ 7H,0. 5 mg ZnSOj* 
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7H-0. 2.5 mg Na,MoO,« 2H;0. 218 mg K,HPO,. 14 mg CaCU* 2H,0. 0.22 mg FeCl-.* 

6H-0. 500 mg NH,C1. 500 mg 2.4-D. 80 mg Eosin B. 13 mg methylene blue, and 20 g 

puniled agar per liter of distilled water. Cells that could mineralize the 2.4-D in this 

medium formed dark purple colonies on these plates due to the concomitant pH change. 

£ lo// D11 formed dark, purple colonies with a metallic green sheen on the Endo/Hg 

agar. 

Isolates capable of 2.4-D degradation ( R .  e i i t r o p h a  donor and presumptive 

transconjugants) were selected from the highest soil dilution 2.4-D indicator plates, 

streaked to isolation on PH plates [5.0 g peptone. 3.0 g yeast extract. 1.1 g CaCK. 25 mg 

Hg (added as HgCU) and 15 g of agar liter of distilled water'], and then used as inoculum 

for PH broth (composition as for PH agar, e.xcept without agar and only 5 mg Hg. added 

as HgCK). The presence of plasmid pJP4 within these isolates was supported by their 

growth in the presence of mercury. Overnight PH broth cultures of each isolate were 

centrifuged at 5.220 g for 5 min and the pellets resuspended in saline, .\liquots of 500 ul 

of each suspension were transferred to 3 mis of 2.4-D indicator broth. This broth 

contained (per liter of distilled water) 112 mg MgSO,,» 7H,0. 5 mg ZnSOj* TH^-O. 2.5 mg 

Na-MoO,'2H,0. 340 mg KH.PO,. 305 mg Na^HPO,. 14 mg CaCK- 2H:0. 22 mg Fed,-

6H;0. 500 mg NH4CI. 500 mg 2.4-D and 0.004% bromthymol blue, at pH 7.0. In 

addition. 100 |il of each cell suspension was lysed via boiling at 98° C for 10 min prior to 

use as template for two PCR based analyses. .Another 500 ul portion was stored at 4° C 

for plasmid analysis. Enterobacterial repetitive intergenic consensus (ERIC) PCR was 
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performed on each sample as described by \'ersalovic et al. (1991) to generate a 

molecular fingerprint of each isolate. Primers ERICIR and ERIC2 were used. The 

presence of the pJP4 plasmid-bome ifdB gene was confirmed in isolates with unique 

ERIC fingerprints by PCR amplification of a 205 bp portion of this gene (Neilson et al.. 

1994). .A. modified miniscreen for large plasmids was used to assess the presence of an 

80 kb plasmid within these isolates (Rodriguez and Tait. 1983). Transconjugants were 

identified via amplification of 16S rDNA within each isolate (McQuaid et al. 2000) 

followed by DNA sequencing of the resulting amplification products. PCR products 

were first purified using a Ql.A.quick PCR purification kit. The forward primer was 

subsequently used for dye termination PCR sequencing, which was performed at the 

University of .Arizona's Laborator> of Molecular Systematics and Evolution sequencing 

facility. Sequence analysis was performed with advanced BLAST 2.0 (Altshul et al., 

1990) on the National Center for Biotechnology Information's World Wide Web site 

(http: ^^As-w.ncbi.nlm.nih.gov). Product and plasmid DNA was visualized using an 

.Alphalmager 2000 gel imager (.Alpha Innotech Corp.. San Leandro. C.A) tbllowing gel 

electrophoresis and ethidium bromide staining. 

Heterotrophic Plate Counts 

R.A (Difco. Detroit. Michigan) plates were used for the enumeration of 

heterotrophic microorganisms extracted from soil as described above. Heterotrophic 
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popuiaiions were monitored on Days 0. 21. 42. and 63 within bioreactors and on Day 14 

(Day o8 overall) within microcosms. Plates were incubated at 28 °C for six days. 

Quantitation of 2,4-D Biodegradation 

The concentration oi"2.4-D was monitored through the use ot'a Waters .Associates 

LC Module 1 high-pertbrmance liquid chromatography (HPLC) system with the 

wavelength set at 235 nm and a Waters CIS column (3.9 x 150 mm). Elution was 

isocratic, and the mobile phase was acetonitrile-acidified water (50:50. vol/vol) with a 

tlow rate of 1 ml min '. Waters .Millennium(version 3.05) software was utilized for peak 

integrations. Phosphoric acid was used to acidif>' the water to pH 2.6. For analysis of 

2.4-D within soil, a 1.0 ml aliquot of the vortexed soil/e.xtraction solution was placed in a 

1.2 ml microfuge tube and centrifuged at 16.000 g for 10 min. .Any necessary dilutions 

were made with extracting solution. .\11 samples were filtered through 0.45 um pore size 

polypropylene filters prior to HPLC analysis. Several Madera Canyon soil samples 

(blanks) that were uninoculated and unamended with Cd and/or 2.4-D. were analyzed to 

evaluate natural soil components that absorbed at this wavelength. 



116 

Results 

Bacterial Isolation and Differentiation 

E. coli D 1 1  d o n o r  c e l l s  f o r m e d  d a r k  p u r p l e  c o l o n i e s  w i t h  a  m e t a l l i c  g r e e n  s h e e n  

within 2 days on Endo media amended with 25 ppm Hg. ERIC PCR and ifdB PCR 

confirmed that isolates were indeed £ coli Dll cells. Presumptive transconjugants 

capable of mineralizing 2.4-D formed dark purple colonies, often with a metallic sheen 

within 5 days of incubation on 2.4-D indicator plates. The R. eiiiropha JMP134 donor 

formed dark purple colonies (no sheen) on this medium, and was morphologically distinct 

from presumptive transconjugants. E. coli D11 cells did not grow on the 2.4-D indicator 

plates. Presumptive transconjugants were randomly selected trom the highest dilution 

2.4-D indicator plates tor confirmation of plasmid presence and isolate identification. 

Use of the highest dilution plates ensured that dominant transconjugant populations were 

selected, and reduced the likely-hood of plate matings. .All 2.4-D degrading isolates that 

produced unique ERIC fingerprints contained a plasmid similar in size to pJP4. had the 

ifclB gene, and demonstrated Hg resistance were considered confirmed to be 

transconjugants. .\ population of indigenous 2.4-D degraders was present in the .Vladera 

Canyon soil as evidenced by grov\th of light purple pinpoint colonies (lOMo 10^ CPU g 

dry soil"') from both inoculated and control soil extracts following incubation for a week. 

Most of these isolates resisted subculturing. None of the randomly selected indigenous 

degraders were found to be Hg resistant or to contain an 80 kb plasmid. These light 
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purple pinpoint colonies were "ot included in 2.4-D degrader or presumpti\'e 

transconjugant plate counts. 

Treatment Analysis 

Numbers of Z.-r-D degraders. £ coli Dll. and heterotrophic cells within 

bioreactors and within microcosms are presented in Fig. 1 and 2. respectively. 

Heterotrophic plate counts increased from an average for all treatments of 8 x 10° CFU g 

dr\' soil ' on Day 0 to an average of 7 \ 10 CFU g dr\' soil"' by Day 21. Heterotrophic 

plate counts remained fairly constant, at this elevated level, tor the remainder of the study 

in all bioreactor and microcosm treatments. No significant differences in microbial 

numbers were observed in the presence of Cd relative to corresponding treatments 

without Cd. 

HPLC analysis of 2.4-D levels within soil extracts produced a sharp, isolated 

2.4-D peak. .Analysis of Madera Canyon soil blanks showed that no natural soil 

components sorbed at the specified wavelength within several min of the retention time 

necessary tor 2.4-D detection. The effect on 2.4-D biodegradation of introduction of 

plasmid pJP4 to the soil system is depicted in two figures. Biodegradation of 2,4-D (|ig 

2.4-D g dry soil"'), as it correlated with shifts in microbial numbers with bioreactors and 

microcosms is shown in Fig. 1 and Fig 2. respectively. In Fig. 3. degradation is presented 

as a plot of the % of initial 2.4-D that remained within each soil bioreactor and 

microcosm versus time. Degradation of the herbicide was delayed, at distinct time points 

bioreactors containing 2.4-D and Cd relative to corresponding treatments contaminated 
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with only 2.4-D. However. ANOVA analysis showed that overall there was no 

signitlcant difference in 2.4 D degradation imposed by the presence of the metal 

(p >0.05). No Cd induced lag in 2.4-D degradanon was observed in any of the 

microcosms. 

Controls. No presumptiv e transconjugant or pJP4 donor cclls were detected in any 

control treatments. Complete biodegradation of 2.4-D within control bioreactors 

occurred within 49 d in treatments without Cd and within 63 d for soil also containing 

Cd. In microcosms, degradation was complete within 14 d for all treatments. 

pJP4 Gene Aii^mentaiion. Plasmid pJP4 donor cells and presumptive 

transconjugants were culturable throughout the entire study from bioreactor soil 

i n o c u l a t e d  w i t h  E .  c o l i  D 1 1 .  b o t h  i n  t h e  a b s e n c e  a n d  t h e  p r e s e n c e  o f  C d  ( F i g . I B  & 1 E .  

respectively). In both treatments, the number of £. coli DI1 pJP4 donor cells decreased 

gradually from the initial inoculum. 10" CPU g dry soil", by approximately two orders of 

magnitude during the course of the study. Presumptive transconjugant colonies isolated 

on the 2.4-D indicator plates were morphologically diverse. These colonies were all 

considered presumptive transconjugants since the £ coli donor was unable to grow on 

that medium. Presumptive transconjugant populations were initially 10'' CPU g dry soil"' 

and increased in number by approximately one order of magnitude over the following 

two weeks. By Day 21. approximately 7x10" CPU presumptive transconjugants g dry 

soil"' were observed. Only a slight decrease in this number was observed over the next 

six weeks. Degradation of 2.4-D within bioreactors inoculated with £. coli Dll occurred 
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at rates similar to that ot'controls. Degradation ot 2.4-D was complete 49 (no Cd) to 56 

(Cd) d tbllowing inoculation. 

Re-amendment ot" soil with 500 ug 2.4-D g dr}" soil ' impacted microbial 

populations as shown in Fig. 2 (B dL E). Within microcosms, the number ot"£. coli Dl 1 

cells decreased to only 10' CFU E. ^oli Dl 1 g dry soil"' two ueeks alter soil was spiked 

with 2.4-D. In contrast, presumptive transconjugant populations increased in number, 

reaching a ma.\imum observed level of 4 x 10 CFU g dry soil"' three d after the 2.4-D 

spike. .Morphological diversity of presumptive transconjugant colonies remained high. 

In the microcosms. £ coli Dll inoculated soil demonstrated the highest rate of 2.4-D 

degradation of all the treatments, with approximately 90% of the 2.4-D degraded within 

3 d and complete degradation achieved within 7 d (Fig. 3). 

pJP4 Cell Diuau^menratiun The R. euiropha JMP134 inoculum was added to 

the soil at a level of approximately 5 x 10- CFU g dry soil"'. Fig. 1 (C F) shows that 

the number of 2.4-D degraders increased from this value to 10' CFU g dry soil"'. The 

2.4-D degrading populations remained at this level throughout the remainder of the study. 

Nearly all colonies isolated on the 2.4-D indicator plates had the same morphology as the 

R. euirophu pJP4 donor. No E. coli Dll donor cells were detected in soil from these 

treatments. Cell bioaugmentation with R. euiropha JMP134 (Fig. IC & IF) resulted in 

significantly increased rates of 2.4-D degradation compared to corresponding control and 

E. coli Dll augmented bioreactors (Fig. 3). .Approximately 98% of the 2.4-D was 

degraded within 21 d. with no 2.4-D detected by d 28. 
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The number of 2.4-D degracers did nor change significanth' when microcosms 

were spiked with 500 ug 2.4-D g dr\ soil ' (Fig. 2C & 2F). However, one week after the 

spike, populations capable of degrading 2.4-D were morphologically diverse on the 2.4-D 

indicator plates. This suggested the presence of presumptive transconjugants. 

Degradation of 2.4-D was rapid within these microcosms. .Appro-ximateh' 50% of the 

added 2.4-D was degraded within 3 d. and was completely degraded within 7 (Fig. 3). 

Characterization of 2,4-D Degrading Populations 

.Approximately 14 colonies >elected randomly from 2.4-D indicator plates for 

each treatment and from each sampling time were further characterized. Growth of these 

isolates on PH plates confirmed Hg resistance. Molecular fingerprints of each isolate 

were generated via ERIC PCR. Fingerprint analysis of these isolates confirmed that none 

were E. coli D11. The distribution of ERIC fingerprints over time was used to semi-

quantitatively assess transconjugant diversity within bioreactors (Fig. 4) and within 

microcosms (Fig. 5). 

In all. 34 different ERIC fingerprints of presumptive transconjugants were 

obser\ ed from E. coli Dl I treatments. Isolates from bioreactor soil generated 30 of these 

fingerprints. Dominant recipient populations were similar in both the 2.4-D (Fig. 4B) and 

2.4-D and Cd (Fig. 4E) amended soils. Isolates with ERIC tlngerprints ".A." and '.\2' 

predominated in both treatments. Other prevalent isolates generated ERIC fingerprints. 

"D". H'. "J". "K\ "W. 'Z\ and'2". Isolates with ERIC fingerprint "K" were detected 

more frequently in the presence of Cd. than in its absence. Fewer transconjugant 
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diversity fingerprints, were observed within 2.4-D spiked microcosms (Fig. 5B & 5E) 

than within the corresponding bioreactors. .Although only 15 ERIC fingerprints were 

observed. 4 of these fingerprints rl2'. "U". '17" and "IS") were not delected in 

bioreactors. Dominant populations generated the ERIC tingerprints ".A.". WZ". and "J". 

.Analysis ot R. eiitropha J.\IP134 inoculated bioreactors (Fig. 4C & 4F) revealed 

that of the 2.4-D degraders were not transconjugants. but surviving donor 

organisms represented by ERIC nngerprint "R". However, a limited number of 

transconjugants were detected in both treatments. These transconjugants generated ERIC 

fingerprints '.A". "G". "S". "W". "2'. and •4". L'pon addition of 2.4-D to soil removed from 

these bioreactors and placed in microcosms, the proportion of transconjugants increased 

significantly (Fig. 5C & 5F). Depending upon the sampling day and treatment, 

transconjugants comprised between 27 to 73"'a of the population. Ten ERIC fingerprints 

were generated by these transconjugants. with ERIC fingerprints "A" and •.A2" detected 

most tVequently. Only ERIC fingerprint "G" was novel compared to those found in 

E. coil D11 inoculated treatments. 

.All transconjugants analyzed were identified via DNA sequencing of 16S rDNA 

as belonging to either the Biirkholderia or Ralstonia genera. Biirkholderia graminis was 

the most prevalent microorganism. The identities of transconjugants isolated for this 

diversity analysis are shown in Table 2. 
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Discussion 

This study was conducted at the intermediate tleld scale level in order to 

approximate tleld conditions more closely than in smaller scale laboratory- experiments. 

The extreme tluctuation in greeniiouse temperature resulted trom large diurnal 

temperature changes, with high temperatures amplified by the greenhouse enclosure. 

Although observed fluctuations in temperature were extreme, they were more 

representative ot' tleld conditions than incubation at a constant temperature as is the 

common practice for laborator\- experiments. 

.Assessment ot'the microbial populations over time (Fig. I) provided insight into 

treatment induced shitts in soil microbial ecology. The increase in the heterotrophic 

populations in all bioreactors on days subsequent to Day 0 can be attributed to an increase 

in moisture, trom 8 to 64°'o water-holding capacity, and the addition of a carbon source. 

2.4-D. E. coli D11 pJP4 donor cells declined in treatments inoculated with this organism. 

In contrast, the R. euiropha JMP134 inoculum increased by an order of magnitude and 

remained at the elevated !e\el throughout the study. £. coli Dll is not a naturally soil 

borne microorganism, and thus may he more susceptible to environmental stresses, such 

as the extreme temperature tluctuations obser\'ed in the greenhouses and competition 

from indigenous populations. Furthermore, it is likely that the difference in sur\'ival is 

due to in pan the ability of the R. euiropha donor to degrade 2.4-D. and thus compete 

more effectively than E. coli 011 with the indigenous populations, to establish a niche for 

itself. The survival of both donor organisms was significant since it demonstrated that 
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even in tlie absence of gene transfer, plasmid pJP4 persisted within both donor 

microorganisms for extended periods of time in the soil. 

This study revealed that plasmid transfer occurred from both of the introduced 

donors to indigenous recipients (Fig. 4 & 5). However, the level of transconjugants 

present at specific times differed significantly depending upon the pJP4 donor. Donor 

counter-selection facilitated the detection of plasmid transfer from £ culi Dll even at 

low levels, such as at Days 0. 7. and 14. In contrast. R. eutropha JMP134 remained 

culturable (10' CFU g dr>' soil"') in bioreactors. Low frequency transfer events are 

difficult to observe when the donor survives at or above the order of magnitude of 

transconjugants because of the high soil dilution that must be plated in order to obtain 

distinct colonies. Thus. R. eiaropha survival at this level limited the detection of 

transconjugants. The percentage of transconjugants detected in R. eutropha inoculated 

bioreactors. when the total population of presumptive transconjugants in all inoculated 

treatments was 10 CFU g dr>- soil ', indicated that transconjugant populations were not as 

pre\alent as they were in bioreactors inoculated with £. coli Dll. This may be attributed 

to the difference in the donor's ability to derive benefit from the catabolic genes encoded 

on the plasmid. Since £ coli Dll could not degrade the herbicide, it may have been 

energetically favorable to allow transfer of the plasmid to indigenous populations rather 

than to maintain it. Plasmid pJP4 conferred a competitive advantage to the R. eutropha 

donor, making its maintenance within this microorganism favorable. 

The increase in transconjugant populations in all treatments following the second 

addition of 500 fig 2.4-D g dry soil"' was likely the result of growth of transconjugants 
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undetected transconjugant populations suggested that additional transfer from the pJP4 

donor to indigenous populations and/or successive gene transfer events between 

indigenous populations occurred. 

Similarly, the diversity or" ERIC fingerprints indicated that presumptive 

transconjugants did not arise simpl} from a single transfer event followed by growth, but 

that numerous gene transfer events occurred at some point(si in time (Figs. 4 & 5). The 

semi-quantitative analysis of transconjugant diversity showed that transconjugant 

populations varied slightly depending upon treatment. However, many of the dominant 

recipient populations were the same regardless of the pJP4 donor or the contaminants 

present. Recipients with ERIC fingerprints ".A." and WZ'were prevalent in all treatments, 

and those with 'J' and "Z" fmgerpnnts were prevalent in most. Transconjugants were 

identified as members of one of two common soil genera, cither Biirkhulderia or 

Rals'.onia (Table Z). DurkhaUtcna populations were more predominant, and 5 different 

species were identified. In previous gene transfer studies in Madera Canyon soil (Newby 

et al.. 2000. Newby and Pepper. 2000). the majority of transconjugants were also found to 

belong to the Btirkholderia genera. These recipients may be somehow predisposed for 

plasmid uptake, or may simply be present in higher numbers in the soil, and thus more 

likely to come in contact with pJP4 donors. Taken together, these results suggested that 

the identity of potential soil recipient populations played a greater role in determining 

transconjugants than did the donor or the contaminant levels. 
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It is significant that at distinct times in all inoculated treatments, transconjugant 

numbers reached levels of approximately 10% of the culturable heterotrophic 

populations. In addition, absolute transconjugant numbers were probably higher than 

those obser\ed. Only culturable transconjugants were detected by plating on 2.4-D 

indicator medium. Viable but nonculturable transconjugants. in addition to any 

transconjugants lacking the chromosomally encoded genes necessar\' for complete 2.4-D 

mineralization or unable to express the plasmid encoded genes would have escaped 

detection. .-Vlthough little direct evidence regarding the occurrence of maleylacetate 

reductase genes among indigenous populations is available; the ubiquity and diversity of 

soil microbial populations capable of mineralizing 2.4-D suggests that these genes are 

probably relatively common (Fulthorpe et al.. 1996; Ka et al.. 1994. Kamagata et al.. 

19971. 

This study demonstrated the potential for increased rates of 2.4-D degradation 

followmg bioaugmentation of bioreactors (Fig. I) and of microcosms (Fig. 2) with pJP4 

harboring microorganisms. The impact of the different treatments on degradation is most 

easily seen in Fig. 3. which directly compared degradation between all bioreactors and 

microcosms. .Although no presumptive transconjugants were detected on the 2.4-D 

indicator plates for control bioreactors or microcosms, degradation of 2.4-D in these 

treatments suggested the presence of indigenous 2.4-D degraders or consortia of 

microorganisms capable of carr\'ing out the degradation. In addition, growth of light 

purple pinpoint colonies on 2.4-D indicator plates for controls was indicative of the 

presence of such populations. The increased 2,4-D degradation rate in bioreactors 
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inoculated with R. ciiiropha JMP134 can be explained by the tact that R. eiiiropha 

JMP134 has a chromosomal complement to the genes encoded on plasmid pJP4 that 

enabled it to mineralize 2.4-D. This catabolic ability undoubtedly contributed to the 

establishment of a competitive niche for the inoculant. In contrast, the E. coli pJP4 host 

does not contain this complement, and thus, cannot completely mineralize the herbicide. 

The inability of £ coli D11 to degrade 2,4-D was reflected by similar degradation of 2.4-

D in treatments inoculated with this microorganism and control treatments. 

Microbial populations within all treatments were found to degrade 2.4-D more 

rapidly in the microcosms re-spiked with 2,4-D (Fig. 2) than within corresponding 

bioreactors (Fig. I). Increased degradation rates upon re-exposure to a contaminant have 

been well documented. Plausible e.xplanations include that during initial herbicide 

exposure: a favorable niche for microorganisms capable of degrading 2,4-D was 

established, and thus their numbers increased; genes for degradation were turned on or 

mutated: and-'or. in inoculated treatments, plasmid pJP4 was transferred to indigenous 

populations. The rapid degradation of 2.4-D in all microcosms, masked any lag in 

degradation that may have resulted from the presence of Cd. In contrast to bioreactor 

results, degradation of 2.4-D was faster in £. co/i Dll treatments than in R. euiropha 

JMP134 treatments. This reversal in relative rates of 2.4-D degradation may be attributed 

to the presence of different populations of pJP4 hosts, and thus 2.4-D degraders. In 

£. coli Dll inoculated bioreactors. substantial populations of transconjugants (10" CFU g 

dry soil"') persisted at the time soil was removed and re-spiked with 2.4-D for set up of 

microcosms. These indigenous pJP4 hosts were well adapted to the soil environment. At 
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bioreactors inoculated with that microorganism, limiting detection of transconjugants. 

However, visual examination of low dilution 2.4-D indicator plates suggested that there 

were about 10' CFU presumptive transconjugants g dr>- soil ' in these treatments. 

Increased rates of 2.4-D degradation upon a second herbicide exposure probably resulted, 

at least in part, from catabolic activity of these transconjugant populations. These results 

suggested that indigenous plasmid hosts (transconjugants) can be more effective 

remediators than an inoculated host, even when initially present in lower numbers. 

The minimal impact of Cd on 2.4-D degradation and on gene transfer observed in 

this study was not surprising. Josephson and Pepper (2000) found that complete 

degradation of 2.4-D in Vladera Canyon soil inoculated with 10" CFU R. eutrophu 

JMP134 g dr\' soil"' was delayed only one week at Cd amendment levels of 60. 120. 240 

ug g dr\' soil"'. Furthermore, sorption isotherm studies with 100 ug Cd g dr\' soil"' added 

to Madera Canyon soil revealed that less than 1 ppm of the added Cd was bioavailable 

(K. L. Josephson. personal communication). However. 100 ).ig Cd g dry soil"' is much 

higher than background levels and thus can be considered significant soil contamination. 

The results from this field study are significant from a microbial ecology 

standpoint for a number of reasons. This study demonstrated that Cd. at a level of 100 [ig 

g dr>' soil"' did not significantly influence 2.4-D degradation or transconjugant evolution. 

Furthermore, results showed that plasmid transfer occurred more readily when the donor 

organism did not derive benefit from the plasmid. This study also demonstrated that a 
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stable arrav of indigenous plasmid hosts can be more ertective remediators than an 

introduced inoculum, particularly ;ii cases of long term or repeated exposure to 

contaminants. In this particular study, augmentation of indigenous populations with 

catabolic genes was a more usefiil strategy than bioaugmentation with an introduced 

organism capable of carrying out the catabolic activity. 
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Table 1. Description of tleld bioreactor treatments. 

Treatment Amendment(s) Inocuiant 

;.4-D Cadmium £. l'cj/ / D 1  1  R. euiropna 
500 ug i! dr\ soil ' 100 ug i dry soil"' ID" CFL'g dry soil" 10" CFU g dry soil ' 

__ _ 
IG AI X \ 
i C B l  \  X  
I C )  X  X  
( G A )  X X X  
i C B l  X  X  X  

C; Control. G.A.: Gene Augmentation. CG: Cell Bioaugmentation 
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Table 2. Identities or" transconiugants as determined t'rom DN'A sequencing of a 

fragment of 16S rDNA amplified via PCR. Homology percentages range from 97 to 99°'o 

and rerlect the similarity between the quer\' and database sequences. 

Isolate Identity ERIC Fingerprint 

BurkhoUena canbtensis B. H, 0. V. 5. 17 

Burkholdena gLithet L. W 

BurkholJerui grammis A. A2. C. D. J. K. N. P.Q, S. X. Z. Za. 
1.2,3.4.6.8. 11. 12. 14. 15 

Burkholdena kitnmei 16 
Burkhoideriti phenazmnim M. Y. 9. 10. 13 
Rcilstonia euiropha R. 18 
Rabtontd •iitardii G 
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Figure 1. Assessment of levels of presumptive transconjugants. E. coii Dll donor, 

heterotrophic cells and 2.4-D concentrations in Madera Canyon soil bioreactors: A) 

Treatment 1 (2,4-D); B) Treament 2 (2,4-D/£. coli); C) Treatment 3 (lA-D/Rastonia): D) 

Treatment 4 (2.4-D/Cd); E) Treatment 5 (2.4-D/Cd/£. coli); F) Treatment 6 

(2A-D/Cd/Ralstonia). The data points are the means and standard deviations of three 
replicate bioreactors. 
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Figure 2. Assessment of levels of presumptive transconjugants. £ coli Dll donor, 

heterotrophic cells and 2.4-D concentrations in Madera Canyon soil microcosms re-

amended with 500 |ig 2.4-D g dry soil"'; A) Treatment 1 (2.4-D): B) Treament 2 

(2.4-D/E. coli): C) Treatment 3 (2A-D/Ralstonia); D) Treatment 4 (2.4-D/Cd); E) 

Treatment 5 (2.4-D/Cd/f. coli); F) Treatment 6 (lA-D/Cd/Ralstonia). The data points 

are the .means and standard deviations of three replicate microcosms. Microcosm days 0. 

3, 7, and 14 correspond to bioreactor days 51, 54, 58, and 65. 
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Figure 3. Degradation of 2.4-D in Madera Canyon soil presented as the percent 

remaining of the initial 2.4-D added to each bioreactor or microcosm. The data points 

and error bars show the means and standard deviations based on data from three replicate 

microcosms. A) 500 jig 2,4-D g dry soil"': B) 500 ng 2,4-D g dry soil"' and 100 |ig Cd g 

drv soil''. 
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