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ABSTRACT 

The use of molecular techniques to examine remediation sites has primarily been 

used to track bacterial genetic potential and evaluate microbial diversity. Characterization 

of genetic potiential, however, only indicates that the gene which encodes for a specific 

enzyme is present in a sample. It fails to give any information as to the expression of the 

degradative gene. Although specific microbial activity is a direct result of gene 

expression of the degradative gene, little is known about the expression of degradative 

genes in the environment. The objective of this study was to develop methodology to 

evaluate specific microbial gene expression to apply to imderstanding the biodegradation 

of organic contaminants. The model system used in this study was Pseudomona putida 

G7 (PpG7) which contains the NAH7 plasmid that encodes for the genes involved in the 

degradation of polyaromatic hydrocarbons (PAH) such as naphthalene. 

A qualitative RT-PCR assay was developed and used to evaluate gene expression 

as an index of biodegradation. Gene expression was correlated with substrate 

disappearance and degradation kinetics. This assay was used to evaluate the influence of 

two solubilizing agents, known to increase the biodegradation and bioavailablity of 

phenanthiene, to determine their influence on microbial gene expression. Gene 

expression patterns correlated with the presence of the solubilizing agents, indicating 

increased cellular activity due to increased bioavailibility of the substrate. This assay was 
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PpG7 isolate. Although gene expression patterns correlated with degradation, the gene 

expression patterns of the three Pseudomonas sp. isolates were different from that of 

PpG7. These data suggest that gene expression is regulation-system dependent. 

Phylogenetic analysis of the nahAc genotype demonstrated that the Pseudomonas spp. 

were more closely related to another well studied naphthalene degrader, P. putida NCIB 

9816, than to PpG7. These results demonstrated that gene expression can be used as an 

indicator of bioavailability and that divergence within a genotype is a factor in gene 

expression. 
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INTRODUCTION 

Problem Definition 

Little is known about the regulation and expression of microbial genes in the 

environment. Molecular based techniques are well suited to monitor the specific 

catabolic DNA sequences associated with the bioremediation of many organic 

compounds. However, molecular methodologies are also needed to assess genetic 

activity and the factors which influence gene expression. The overall objective is to 

develop methodology to evaluate specific microbial gene expression and correlate this 

with the biodegradation of organic contaminants. The imderlying hypothesis of this 

dissertation is that methodology that allows gene expression assessment of 

biodegradation could be used to evaluate gene expression as an index of bioavailability. 

Ultimately, these results will lead to a better understanding and more accurate prediction 

of the fate of organic contaminants which is needed for successful remediation of 

contaminated sites. 

Preliminary Work 

Ongoing research in our laboratories involves the use of microbially produced 

surfactants to enhance the bioavailability and biodegradation of model hydrocarbons. 

These include a rhamnolipid produced by Pseudomonas spp. that can increase the 

solubility and biodegradation of both aliphatic and aromatic compounds (Zhang and 

Miller, 1992; 1994; 1995; Zhang et al., 1996), and a cyclodextrin that can increase the 

solubility and biodegradation of phenanthrene (Wang et al., 1997). 
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Preliminary studies with cylcodextrin evaluated the effect of hydroxypropyl-P-

cyclodextrin (HPCD) on phenanthrene solublization and biodegradation. Growth 

experiments were done to examine the microbial response to increasing concentrations of 

available phenanthrene. Viable counts, acridine orange direct counts (AODC) and 

protein measurements were all used to monitor cellular growth for five days until 

stationary phase was reached. Similarly direct measurement of phenanthrene to 

determine substrate utilization and quantification of evolved '"'COj to measure 

phenanthrene mineralization were also done to determine biodegradation. For all the 

HPCD treatments, cellular mass as determined by viable counts and AODC were similar. 

However, protein measurements and substrate utilization were different. These 

measurements correlated with increasing treatments of HPCD or increasingly available 

phenanthrene. It was after these initial experiments that we hypothesized that we were 

observing differences in the metabolism of the cell due to the bioavailability of the 

substrate, phenanthrene. 

We envision three cases that result from differing bioavailability of contaminants. 

These are: (1) No biodegradation, because the amount of bioavailable contaminant is 

insufficient to justify the energy expenditure to induce enzyme synthesis, (2) slow 

biodegradation due to low bioavailable concentrations, in which microbial cells may 

biodegrade contaminants but in a maintenance stage rather than a growing stage. Limiting 

biodegradation since new cells are not being produced, and (3) high levels of 

biodegradation, where there is enough bioavailable contaminant to induce biodegradation 
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for actively growing cells. We believe that it is the latter case that will allow for optimal 

rates of remediation. We believe that the cells from the HPCD experiment are 

somewhere between case (2) and (3), which resulted in the differences observed in the 

growth and substrate utilization of the cells. It is these preliminary results that support 

the working hypothesis of this dissertation, that gene expression can be used as an index 

of biodegradation and ultimately bioavailability. 

Dissertation Format 

The work presented in this dissertation is divided into four parts. The first paper 

is a review of the literature. The second paper describes the development of an RT-PCR 

assay for evaluating bacterial gene expression, as it relates to biodegradation using the 

nah genes for hydrocarbon degradation as a model system. This assay was then used to 

evaluate biodegradation in two parts (paper 2 & paper 3). The third paper investigates the 

influence of solubilizing agents on bacterial gene expression to examine if gene 

expression as measured by mRNA can be used as an indicator of bioavailability. The 

fourth paper describes a comparison of gene expression and divergence of the nahAc 

genotype of Pseudomoms spp. with NAH7-like plasmids to the known PpG7. 
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Chapter 1: LITERATURE REVIEW 

1.1 Analysis of mRNA in the Environment 

The use of molecular techniques in the area of environmental microbiology is 

responsible for many recent advances. Specifically, gene probes and polymerase chain 

reaction (PGR) have been used to detect and track specific genes in the environment. 

Detection and tracking of genes has been used to assess the genetic potential of microbes 

in the environment that produce enzymes responsible for specific metabolic capabilities. 

Such nucleic acid-based methods are more sensitive, specific, and avoid the biases 

associated with traditional cultural assays, which tend to underrepresent the true 

microflora in the environment. 

In environmental studies to date, DNA has been the macromolecule of 

choice to evaluate because it is more stable than RNA and reasonably efficient DNA 

extraction methods have been established. In the 1980's, many bacterial genotypes were 

studied through the use of molecular techniques including DNA hybridization and gene 

probes (Barkay et al., 1989; Jansson et al., 1989 and Sayler et al., 1985). The advantages 

of these techniques were that genotypes could be studied without prior culturing. In 

natural soil systems a prerequisite for these hybridizations was that DNA be extracted and 

several successful methodologies evolved (Ogram et al., 1987; Holben et al., 1988; 

Somerville et al., 1989; and More et al., 1994). Generally, DNA extraction followed by 

genetic analyses allowed for evaluation of the genetic potential of a soil, and these 
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techniques were used to study the fate of specific organisms introduced into soil (Jansson 

et al., 1989), for phylogenetic studies (Stahl et al., 1988), and to study microbial diversity 

in soil (Torsvik et al., 1990). 

Characterization of microbial potential, however, only indicates that the gene 

which encodes for a specific enzyme is present in a sample. It fails to give any 

information on the expression of the degradative gene or production of the messenger 

RNA (mRNA) which is transcribed from the encoded gene. Although specific microbial 

activity is a direct result of gene expression, little is known about the expression of 

degradative genes in the environment and its relationship to the constraints on 

biodegradation. 

Results of recent work have suggested the importance of monitoring microbial 

gene expression in environmental samples (Atlas et al., 1992; Amann et al., 1994; Holben 

et al., 1988). However, there has been only a handfiil of published reports on the 

detection of specific gene transcripts in environmental samples (Tsai et al., 1991; 

Fleming et al., 1993; Hodson et al., 1995). Several studies over the past few years have 

examined gene expression at the transcriptional level as it relates to microbial activity in 

the environment. These studies involve either the use of a reporter gene or the extraction 

of RNA followed by direct detection by gene probing or RT-PCR. 

1.1.1 Reporter Genes. 

A reporter gene is a gene (or set of genes) that is inserted into a target gene of interest, 

and will subsequently signal or report the activity of that target gene. Specifically, a 
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reporter gene system is composed of a gene lacking its endogenous promoter, which will 

be transcribed only if placed downstream from an exogenous promoter (Loper and 

Lindow, 1997). The theory behind reporter gene function is that most genes encode 

products that are not easily detected, while the inserted reporter gene yields a product that 

is easy to detect and quantify. Since it is linked to the promoter of the gene of interest, 

the reporter gene is tumed on only when the target gene of interest is turned on. Reporter 

genes are typically inserted into an operon of interest, creating a gene fusion. These gene 

fusions are often created using transposons to randomly insert reporter genes into the 

bacterial genome. The process produces mutants with many different gene fusions. This 

collection of mutants must be screened, first of all to ensure that the mutant still has the 

activity of interest, and secondly that the activity of interest occurs concomitantly with 

the expression of the reporter gene. Reporter genes are most useful in assessing in situ 

gene expression by bacteria in natural habitats such as soil, water, or in proximity to plant 

(Lindow, 1995). For a complete review of reporter genes please see, Loper & Lindow 

(1997). 

Specific Reporter Gene Systems. The lacZ gene encodes for the enzyme P-

galactosidase, which cleaves the disaccharide lactose into glucose and galactose. These 

products can be quantified colorimetrically by the development of a blue color in colonies 

grown on agar supplemented with X-Gal. Additionally, activity can be quantified in an 

assay generating fluorescent and chemiluminscent products (Loper and Lindow, 1997). 

The activity of lacZ fusions is detectable with cells exhibiting with one molecule of P-
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galactosidase per cell, while samples must contain at least 10'-10® cells to quantify the 

activity of lacZ. Since it is easily detected, and because there are many vectors are 

available for making fusions, lacZ is probably the most common reporter gene used in 

studies of gene regulation in bacterial cultures. They have been used by researchers in a 

variety of ways including investigations on the expression of biosynthetic genes and gene 

expression in the rhizosphere (Arsene et al., 1994). lacZ has limited use for assessing in 

situ gene expression due to background levels of p-galactosidase activity in many 

indigenous bacteria. Pigmented and fluorescent compounds in plant tissue and soil also 

interfere with the colormetric and fluorometric assay of P-galactosidase activity. 

More recently the p-glucuronidase gene (gus A) firom E. coli has become a very 

useful marker, partly because of the range of fluorescent substrates available for the 

enzyme P-glucuronidase and its rare occurrence in environmental isolates. This gene is 

also known as uid A and catalyses the hydrolysis of a wide range of glucuronides 

(Jefferson, 1989). Many substrates are available that produce fluorescence upon cleavage 

such as 5-bromo-4-chloro-3-indolyl- P-D-glucuronide (X-Gluc) (Bronstein et al., 1994). 

Fusions of gus A have been used extensively in studies of gene expression by viral plant 

pathogens, plants and flmgi, all of which lack indigenous p-glucuronidase activity. These 

conditions allow sensitive gus activity to be measured in as little as a single cell 

(Jefferson, 1989). However, its use with bacterial pathogens has been limited, since some 

bacteria do contain p-glucuronidase (Loper and Lindow, 1997). 

The xylE gene from the TOL plasmid of Pseudomonas putida, encodes the 
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enzyme catechol 2,3-dioxygenase, which converts catechol to 2-hydroxymuconic 

semialdehyde. This reaction produces a yellow pigment which can be measured 

spectrophotometrically (Loper & Lindow, 1997). This reporter gene has been 

successfully used in a variety of gram negative bacteria. The gene is rarely found in 

microorganisms that have not been exposed previously to aromatic hydrocarbon 

contaminants, thus making it useful for in situ assays of gene expression. The system has 

been successfully used to study in situ expression by P. putida inhabiting the rhizosphere 

(Buell & Anderson, 1993). However, the stability of the reporter product is influenced by 

oxygen and the physiology of the cell. Thus, such factors must be taken into account 

when quantifying xylE activity. 

Bacterial enzymes known as luciferases cause light emission in the presence of 

the substrate luciferin (Hill et al., 1993). Luciferases are coded by lux (luxCDABE^ genes, 

and are active in the presence of oxygen and a source of reducing power such as flavin 

mononucleotide (FMNHj), and an aldehyde substrate. The luxAB genes encode the active 

form of luciferase, while the luxCDE genes encode the synthesis of the aldehyde 

(Meighen, 1993). The lux system is widely used since it is uncommon to find large 

numbers of indigenous microorganisms that emit light. Most lux systems require -10'' 

cells per sample for the detection of light emission and detection can be done directly in a 

nondestructive manner. However for optimum light production actively growing cells are 

needed. The biochemistry and genetics of bacterial bioluminescence was reviewed by 

Hill et al. (1993). Overall, the light emitted can be conveniently quantified by 
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scintillation counters used in the single photon counting mode. Luminescent reporter 

genes are useful to evaluate in situ gene expression and have been used to evaluate 

bioavailability of xenobiotics such as naphthalene (Heitzen et al., 1992). 

The Green Fluorescent Protein (GFP) is a relatively new bioreporter that also 

relies on fluorescent light production. The gene for GFP is foimd in the jellyfish 

Aequorea victoria. GFP itself converts the blue bioiuminescent light of the jellyfish to a 

green color, for reasons that are not yet known. When the GFP gene is expressed in a 

prokaryotic or eukaryotic cell, it forms a cyclic structure. Excitation of GFP with UV 

light (395 rnn) results in a bright green fluorescence (509 nm), which can subsequently be 

measured (Chalfie et al., 1994). GFP has several advantages over lacZ and xylE fusions. 

First, like the lux system, the abundance of GFP in a single cell allows measurement of 

transcription of a gene in an individual cell rather than measurement of the average 

transcription of a population of cells. However, unlike the lux system, cellular 

metabolism is not required for fluorescence of GFP, thus allowing in situ gene expression 

by cells that are not actively growing, which is likely to be the case in many 

environments. GFP fluorescence is also stable at 37°C whereas the luciferase from Vibrio 

fischeri is heat labile (Burlage, 1997). Finally, GFP does not require oxygen, and can 

function at reduced oxygen concentrations, whereas the lux system requires oxygen. 

Advantages and Disadvantages of Reporter Genes. Reporter genes are unique 

in that they allow evaluation of microbial activity in natural environments through 

detection of gene expression. The perfect reporter gene system would take into account 
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desirable characteristics including detectability, sensitivity, the ability to quantify and a 

reasonable degree of stability. In reality, of course, there are always limitations. The 

lacZ system suffers from the presence of background levels of P-galactosidase activity 

expressed by many indigenous microorganisms. The lux luminescent reporter system 

only fiinctions in aerobic environments, and light emitted is not always proportional to 

metabolic activity in substrate limited environments. In addition, the light emitted 

depends on growth stage and substrate concentration. Backgroimd levels of 

luminescence can also occur during growth on nonspecific substrates. Many of these 

problems are overcome in the GFP reporter systems. Despite these problems, reporter 

genes represent an innovative approach to environmental microbiology studies, and new 

reporter gene systems are constantly being evaluated. 

1.1.2 Extraction of RNA from Environmental Samples. 

Methodology development for mRNA extraction from soil is still in its infancy 

and RNA extraction from soils is difficult due to the presence of ribonucleases and 

sorption of RNA to colloids. In addition, the average half life of mRNA in the cell is 

only a few minutes (Jeffrey et al., 1994). Together, these problems have resulted in low 

efficiencies of extraction and a resultant prerequisite for large numbers of target 

transcripts. One of the earliest reports of RNA extraction from soil was by Tsai et al. 

(1991). Their method utilized guanidine isothiocyanate, sarkosyl and 2 mercaptoethanol 

to lyse cells, fix RNA and hydrolyse DNA. The mRNA was subsequently extracted with 

phenol and chloroform. Their gene probe method detected up to 17 |iig of total RNA per 
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gram of soil that was originally seeded with 10' cells of Pseudomonas aeruginosa. RNA 

recovery was 60% and the nah and mer operons were subsequently detected using ^^P-

labeled gene probes. More recently, Jeffrey et al. (1994) utilized a sodium dodecyl 

sulfate - diethylpyrocarbonate (DEPC) cell lysis step followed by guanidium extraction 

for the probe detection of merA transcripts from aquatic samples. This method allowed 

detection of mRNA from 10^-10^ total cells. Fleming et al. (1993) utilized sodiimi 

dodecyl sulfate to lyse cells, followed by DEPC to inactivate nucleases. A hot 

phenol/chloroform solution was used to extract RNA, followed by purification through 

ion exchange columns. 

Methodology for the extraction of RNA from environmental samples can be 

divided into 4 phases: i) cell lysis, ii) inactivation of nucleases, iii) extraction of mRNA 

from the environmental matrix, and iv) purification. Of these steps, cell lysis and 

nuclease inactivation is critical. Lysis has been achieved by detergent and boiling 

(Jeffrey et al., 1994) or sonication (More et al., 1994; Pichard and Paul, 1991). Ogram et 

al. (1995) evaluated all 4 phases and concluded that cell lysis via sodium dodecyl sulfate 

followed by nuclease inactivation with protein denaturants such as DEPC was highly 

effective for RNA extraction. Their extractant was an alkaline phosphate buffer and the 

RNA was subsequently purified with phenol/chloroform. Their overall mRNA recovery 

was 26.4% and required cell densities of 10" to 10' per gram of sediment. 
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1.1.3 Probe Detection of mRNA. 

Gene probes are small pieces of nucleic acid that are complementary to the target 

sequence and are marked in a way that makes them detectable. Gene probe methodology 

takes advantage of the fact that nucleic acids can be denatured and reannealed. Total 

RNA that has been extracted from an environmental sample can be run on a gel and/or 

transferred to a membrane, and the appropriate probe can detect specific RNA molecules. 

This kind of RNA probing is known as northern blotting There are several studies that 

show promise for RNA extraction and evaluation by gene probes. 

Flemming et al. (1993) were able to correlate naphthalene transcript levels with 

naphthalene mineralization rates, soil concentrations and gene frequency in manufactured 

gas plant soils that were contaminated with polycyclic aromatic hydrocarbons (PAHs). A 

similar molecular analysis was done by Sanseverino et al. (1993) who also coupled their 

study with bioluminescent responses from a naphthalene lux reporter system to determine 

the bioavailability of the naphthalene in the soil. Disadvantages of the lux reporter system 

are that it only allows the evaluation of an engineered organism to be monitored, and 

detection of luminescence may be limited by interference from soil colloids. 

Naphthalene mineralization was also studied by Ogunseitan and Olson (1993), 

who showed that the addition of salicylate to soil could be used to induce the naphthalene 

genes. Under the optimized conditions used in this study, increased gene expression of a 

degradative gene and increased naphthalene mineralization in soil were observed. Low 

bioavailablity of naphthalene due to sorption was not detected as a limiting factor in 
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biodegradation. However, it is important to mention that compounds with low water 

solubility would not benefit from induced gene expression because of a lack of 

bioavailability. 

The mercury reductase genes (mer) have also been evaluated by gene probe. 

Jeffery et al. (1994; 1996) detected mer expression in the environment to evaluate the 

effect of mercury concentration and nutrient availability on rates of mercury 

volatilization. They foimd that mer expression was influenced more by microbial activity 

than by total mercury concentrations, and their results also suggested that rates of 

mercury volatilization were not consistently proportional to mer expression. 

1.1.4 RT-PCR Detection of mRNA. 

An alternative to the probe detection of mRNA is use of a reverse-transcriptase 

PCR (RT-PCR) assay. In RT-PCR, the first step is to make a cDNA copy of the RNA 

sequence of interest using the enzyme reverse transcriptase. The resultant cDNA 

molecule is a complement to the RNA target. This is followed by normal PCR. In the 

first cycle, a complementary strand of the cDNA is constructed. Follovnng this PCR 

preceedes normally from the double stranded DNA template. 

Ogram et al. (1995) used RT-PCR to screen RNA detected from sediments for the 

mRNA transcripts of the genes for toluene monooxygenase (tmoA) and toluene 

dioxygenase (todCl). The tmoA transcripts were detected in two samples indicating the 

recovery of mRNA in the RNA extracted from deep subsurface sediments. Salvaratnam 

et al. (1995) monitored gene expression with RT-PCR of the catabolic dmpN gene, which 
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encodes for phenol hydroxylase, in a phenol degrading reactor. This RT assay had a 

sensitivity of 10' CFU and showed that phenol concentration and aeration increased 

transcription of dmpN. Applications of RT-PCR such as these can be used to optimize 

cellular performance. 

Alternatively, Hodson et al. (1995) used in-situ RT-PCR to target single cell 

detection of naphthalene-degrading bacteria in model prokaryotic communities. More 

recently, Chen et al. (1997) used in situ RT-PCR to incorporate labeled nucleotides into 

transcribed cDNA inside a cell to detect the todCX gene in Pseudomonas putida F1 in 

seawater exposed to toluene vapor. These in situ RT approaches take advantage of in 

situ hybridization (ISH) methods which utilize fluorescently labeled oligos or nucleotides 

with epifluorescence microscopy to identify prokaryotic cells. 

Advanages and Disadvantages of Probes and RT-PCR. Probes and RT-PCR 

assays are useful because they allow real time detection of indigenous populations and do 

not depend on engineered organisms containing reporter genes. However, probing 

techniques can be very labor intensive. Both probing and RT-PCR are only as effecient as 

the RNA extraction method which was employed. Thus, low RNA yield can result in 

little or no transcript signal. As well, these techniques only allow detection of the genes 

for which sequences are known. Alternative degradative pathways which have not been 

characterized may be overlooked. However with the development of microarray systems 

which will allow the probing of multiple transcripts, essentially giving a fingerprint of 

global gene expression, the future of such anaysis is promising. 
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1.2 Pseudomonas putida (NAHT> as a model for PAH degradation 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment. 

These compounds are formed naturally from the breakdown of organic matter and, more 

recently, from the processing and use of fossil fuels. Bioremedation studies have been of 

interest due to the toxic, mutagenic and carcinogenic nature of these compounds (Keith et 

al., 1979). Many microbes can readily degrade the simple polycyclic compounds 

naphthalene (two fused rings), phenanthrene (three angular fused rings) and anthracene 

(three linear fused rings) (Goyal et al., 1997). PAHs with four or more fused rings have 

also utilized by bacteria, but at a much slower rate. Pseudomonas species, specifically 

Pseudomonas putida (PpG7) which harbors the NAH7 plasmid, have been used as 

models for studying PAH degradation in the both the laboratory and the field, due to the 

ease with which they can be cultured and their rapid growfth rates. PpG7 (NAH7) is 

perhaps the most well-studied and their characterized, both biochemically and 

genetically, of the naphthalene degrading pseudomonads. This section reviews the 

biochemical and genetic characteristics of PpG7 (NAH7). 

1.2.1 Metabolism of naphthalene by P. putida G7. 

The catabolic pathways for the bacterial degradation of naphthalene were first 

described by Davies and Evans (1964). The pathway was fiirther characterized by Eaton 

and Chapman (1992) using clones of the nahCDE genes. The pathway is shown in 

Figure 1.1. The initial breakdown in the patliway is catalyzed by 
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Figure 1.1. The catabolic pathway for the degradation of naphthalene. The 
enzymes and genes that encode for naphthalene degradation are listed on the left. 

dioxygeneise attack of the aromatic ring which forms a cw-naphthalene dihydrodiol. This 

naphthalene dioxygenase is a multicomponent enzyme that was characterized by Gibson 

et al. (1982). The enzyme consists of an iron-sulfur flavoprotein, a two iron, two sulfur 

ferredoxin, and an iron-sulfur protein, essential for c/5-naphthalene dihydrodiol formation 

(Yen & Serdar, 1988). 

The second step in naphthalene degradation is catalyzed by the enzyme cis-

naphthalene dihydrodiol dehydrognease, and requires the electron acceptor nicotinamide-

adenine dinucleotide (NAD). This reaction results in the conversion of cw-naphthalene 

dihydrodiol to 1,2-dihydroxynaphthalene. This dehyrogenase oxidizes other cis-
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dihydrodiols (Yen & Serdar, 1988, Goyal et ed., 1997), but is unable to hydrolyze trans-

naphthalene dihydrodiols. 

The third step in the pathway involves two enzymes. An isomerase changes the 

cis-double bond in the cleaved ring to a trans-double bond, yielding trans-o-

hydroxybenzylidenepyruvate. Then, a hydratase-aldolase cleaves the side chain of the 

trans-double bond, forming salicylaldehyde. Which is then converted to salicylate by a 

dehydrogenase. Subsequently, salicylate is shuttled to the tricarboxylic acid cycle via the 

catechol or gentisate pathways, depending on the host bacterium (For review see Yen & 

Serdar, 1988). 

The enzymes that initially act to metabolize naphthalene also act to metabolize 

phenanthrene and anthracene (For review see, Sutherland, 1995). The first ring is 

removed with the formation of l-hydroxy-2-naphthoic acid for phenanthrene and 2-

hydroxy-3-naphthoic acid for anthracene. Although the continued degradation of 

anthracene is unknown, there are two possible fates for continued phenanthrene 

degradation. The first pathway is icnown as the Evans pathway (Davies & Evans, 1964). 

The compoimd is decarboxylated to 1,2-dihyoxynaphthlene, which then re-enters the 

catabolic pathway at the ring cleavage step. Thus, the three ring compound is metabolized 

via the upper pathway twice to remove the first two aromatic rings and via the lower 

pathway once for the last aromatic ring. The other pathway is the Kiyohara pathway 

(Kiyohara & Nagao, 1978), in which l-hydroxy-2-naphthoic acid is the substrate for ring 

cleavage between the hydroxyl and carboxyl substituents on the aromatic ring. This is 
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followed by the removal of the aliphatic side chain and the formation of phthalate, which 

is metabolized through protocatechuate to tricarboxylic acid intermediates (Goyal, 1997). 

1.2.2 Genetics of naphthalene degradation by PpG7 (NAH7). 

The microbial degradation of naphthalene has been well studied, which makes it 

an attractive model system to utilize in soil degradation studies (Fleming et al., 1993). 

Initial genes required for biodegradation of naphthalene are plasmid-associated and seem 

to be highly conserved (Yen et al., 1988). In fact, these genes have also been associated 

with the degradation of phenanthrene and anthracene (Sanseverino et al., 1993). 

Specifically, the NAH7 plasmid from Pseudomonas putida contains the genes encoding 

the enzymes for the first 11 steps of naphthalene oxidation (Yen et al., 1988). This 

plasmid is 83kb and contains degradative genes in two operons - NAH and SAL (Figure 

1.2). The NAH operon encodes enzymes for the degradation of naphthalene to salicylate. 

The SAL operon allows oxidation of salicylate to acetaldehyde and pyruvate (Fleming et 

al., 1993). The upper NAH operon begins with the four genes responsible for naphthalene 

dioxygenase: nahAa, nahAb, nahAc, and nahAd. These genes encode the reductase 

component, the ferredoxin component and the large and small subunits of the oxygenase 

component. This is immediately followed by nahB, encoding cis-naphthalene 

dihydrodiol dehydrogenase, nahF, encoding salicylaldehyde dehydrogenase, nahC 

encoding 1,2-dihydroxynaphthalene dioxygenase, nahQ, encoding a protein of unknown 

function, nahE encoding trans-o-hydroxybenzylidenepyruvate hyratase-aldose, and nahD 

encoding 2-hydroxychromene-2-carboxylate isomerase (Goyalet al., 1997). 
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Induction of both operons is positively controlled transcriptionally by salicylate. 

The NAH operon is expressed constitutively at a low level without induction. In the 

presence of naphthalene, salicylate is produced, and binds to the nahR gene product 

which is bound to the upstream promoter regions of both operons, transcriptionally 

activating the pathway (Figure 1.2). 

r 
NAH SAL 

AIBIC IF I  INILIJTK 

= Nah R regulatory protein 
^ = salicylate 

Figure 1.2. Gene Order and regulation of the upper NAH and lower SAL operons 
of the NAH7 plasmid. Positive transcriptional translation regulation by salicylate-
nahR complex (Saneverino et al., 1993). 
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1.2.3 Diversity of bacterial species responsible for PAH degradation. 

Pseudomonas spp. have generally been isolated from sites contaminanted with 

PAHs and harbor naphthalene degradative pathways. In fact, much of what is known 

about PAH degradation is based on the study of a single catabolic pathway that includes 

one family of closely-related genes found in Pseudomonas spp. (Goyal, 1997). Due to 

the ease with which it can studied both genetically and biochemically, the catabolic 

naphthalene system has emerged as the model system for studying plasmid gene 

formation and regulation in Pseudomonads (Yen & Serdar, 1988). It has been 

hypothesized that these plasmids have evolved from the assembly of pre-evolved gene 

clusters. This theory is supported by the structural diversity seen among the catabolic 

plasmids. 

Most probe hybridization studies have indicated homology to the DNA sequences 

of NAH7. However, restriction digest studies have revealed significant polymorphisms. 

Also metabolic differences exist. These differences are attributed to relatively minor 

genetic variations among these plasmids (Schell, 1990). Transfer of these plasmids from 

their natural host can result in structural changes in the DNA. For example, the 

conjugation of the salicylate catabolic plasmid pDTGll can result in the formation of 

new naphthalene or salicylate catabolic plasmids due to the acquisition of additional 

genetic material (Yen & Serdar, 1988). Nutritional conditions have also been blamed for 

pDTGl structural changes. Cane & Williams (1982) reported the structural plasmid 

changes involving deletions and insertions to explain the conflicting reports of the 
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catabolic phenotype of Pseudomonas NCIB 9816. Analysis of such genetic properties 

provides insight into the formation of catabolic plasmids. This structural instability and 

genetic relatedness are the basis for genetic improvement to form new catabolic pathways 

which can be preserved by selective forces (Haq, 1996, Yen 1988). 

However, there are reports in the literature of bacteria that do not fall into the 

category of these closely-related families of organisms and genes. This suggests alternate 

pathways for PAH degradation or highly divergent genes. Goyal & Zylstra (1997) 

recently cloned genes for phenanthrene oxidation from Commonas testosteroni which had 

significantly divergenece from the nah sequences found in Pseudomonas sp.. In a study 

of spatial and temporal variation of phenathrene-degrading bacteria, Berardesco et al. 

(1998) foimd the nah genes represented a minor fraction, 28.8%, of the PAH degrading 

population. By studying the diversity of PAH degradation, a fiiller understanding of the 

ecology of the community structure dynamics is gained. 

1.3 Biodegradation and Bioavailability of Hydrocarbons 

There has been increasing attention in the development and application of new 

remediation strategies due to climbing remediation costs. Specifically, the use of 

innovative bioremediation technologies is attractive due to the potential for economical 

and successful in situ treatment of contaminated sites. However, there are several 

potential constraints on the biodegradation of organic compounds. Several of these 

constraints affect the bioavailability of substrates, which consequently reduce 
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biodegradation rates and levels. Some common constraints which affect bioavailibility 

include limited water solubility and extensive sorption to soil of organic compounds. 

These organic contaminants include petroleum hydrocarbons and higher molecular 

weight chlorinated compounds. Development of more effective bioremediation strategies 

require that such constraints and underlying mechanisms of microbial bioremediation be 

addressed (Miller, 1995). 

1.3.1 Microbial Uptake «& Biodegradation of Slightly Soluble Hydrocarbons. 

Hydrocarbons can be utilized by microorganisms for energy and carbon. These 

compounds can exist in the liquid, solid or vapor phase. High molecular weight 

hydrocarbons are slow to degrade due to their low solubility and low bioavailability, 

which presents challenges for microbial uptake. Essentially, there are two factors that 

define a microorganism's ability to oxidize hydrocarbons: 1) membrane bound specific 

oxygenases, and 2) mechanisms for optimizing the contact between the microorganism 

and the slightly soluble hydrocarbon (Rosenberg et al., 1996). The presence of 

hydrocarbons in the environment tends to bring about a selective enrichment of specific 

populations in situ, which results in adaptations for enhanced hydrocarbon uptake. 

There are four modes of microbial liquid hydrocarbon uptake: 1) uptake of 

dissolved hydrocarbon around the cell (most readily available), 2) uptake by direct 

contact at the aqueous hydrocarbon interphase, 3) uptake via direct contact with small 

droplets dispersed in the aqueous phase and 4) uptake through emulsification of 

hydrocarbon to increase the solubility of the compound (Figure!.3) (Miller, 1995). There 
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is limited information on solid hydrocarbon degradation, although it is believed to be 

restricted to the dissolved phase, direct contact with the available surface area and any 

possible vapor assimilation. 

Hydrocarbon phase 

Aqueous phase 

Figure 1.3. The four modes of microbial liquid uptake. A, uptake of 
hydrocarbons dissolved in the aqueous phase surrounding degrading cells; B, uptake via 
direct contact of degrading cells at the aqueous-hydrocarbon interface of large oil drops in 
water; C, uptake through direct contact of degrading cells with fine or submicron size oil 
droplets dispersed in the aqueous phase; D, enhanced uptake is a result of production of 
biosurfactants or emulsifiers which effectively increase the apparent aqueous solubility of 
the hydrocarbon (Miller, 1995). 
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The first step in hydrocarbon degradation involves a membrane bound oxygenase, 

and thus, the bacteria must be in direct contact with the hydrocarbon. Bacteria can 

enhance contact with water-insoluble hydrocarbons through several possible mechanisms. 

Some microorganisms can increase their cell surface hydrophobicity, allowing them to 

adhere to the hydrocarbon-aqueous interface. These constituents that contribute to cell 

surface hydrophobicity are known as hydrophobias. Specifically, hydrophobins are 

fimbriae & fibrie, outer membrane and surface proteins and lipids, as well as certain 

small surface molecules such as gramicidin S of Bacillus brevis (Rosenberg et al., 1996). 

Mutants lacking such hydophobins are unable to adhere to and grow on hydrocarbons. 

Bacteria can also produce emulsifying agents or surfactants which increase 

the solubility of the hydrocarbon, thus increasing its surface area and aiding in the 

desorption of bacteria from used oil droplets depleted of utilizable hydrocarbons. Growth 

is restricted at the hydrocarbon/aqueous interface because hydrocarbon oxygenases are 

always membrane bound and are never extracellular. Subsequently, once a bacteria 

adheres to the hydrocarbons and multiples, growth is limited by the surface area of the 

hydrocarbon. Emulsification will break up an oil droplet, thus creating more surface area 

for growth. 

Lastly, microorganisms can have intracellular adaptions such as inclusion bodies. 

These inclusion bodies hold unmetabolized hydrocarbons, possibly reducing hydrocarbon 

toxicity to the cell. Many microorganisms grown on hydrocarbons have elaborate 
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cytoplasmic membrane systems which may be associated with the enzymes necessary for 

initial oxidation. It is thought that these membranes provide a hydrophobic environment 

to maintain the solubilized state of the substrate (Miller, 1995). 

1.3.2 The Effect of Surfactants on Hydrocarbon Biodegradation. 

The apparent solubility of slightly soluble hydrocarbons can be increased by both 

synthetic and microbially-produced biosurfactants. However, the effect of surfactants on 

biodegradation is reported in the literature with conflicting results. These results range 

fi-om favorable to inhibitory to no effect (Grimberg, 1996). Surfactant enhanced 

biodegradation of organic compounds is dependent on several factors including, 1) the 

solubilization of the organic by the surfactant structures, 2) sorption of the organic to the 

solid matrix, 3) the effect of the surfactant on the structure of the solid matrix, 4) 

surfactant biodegradability, 5) toxicity of the surfactant to the microorganisms, and 6) the 

ability of the degrading microbes to utilize the surfactant-solubilized organic compound 

(Miller, 1995). 

Zhang et al. (1997) found that the effect of the biosurfactant rhamnolipid on 

phenanthrene biodegradation was dependent on the form of the biosurfactant used. While 

monorhamnolipid was more effective for solubilization, the overall rate of mineralization 

for both mono- and dirhamnolipid was the same. This is attributed to the phenanthrene in 

the dirhamnolipid being more bioavailable. Thus, the usefulness of the surfactant was a 

factor of both the enhanced solubility of the phenanthrene and the bioavailability of the 

phenanthrene in the rhamnolipid micelles. Laha and Luthy (1992) evaluated ten anionic 
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surfactants for their effect on phenanthrene bioremediation and found phenanthrene 

mineralization was to be completely inhibited by all surfactants tested which exceeded 

bulk critical micell concentrations (CMC). More recently, cyclodextrin sugars have been 

evaluated for their usefulness in enliancing the biodegradation of phenathrene. Wang et 

al. (1998) showed that hydroxypropyl-P-cyclodextrin (HPCD) increased the 

bioavailability and biodegradation of phenathrene by 55.5% after only 48 hours of 

treatment. 

There is also evidence suggesting that surfactants may induce cell surface 

hydrophobicity which is associated with increased biodegradation rates of hydrocarbons. 

Zhang and Miller (1994) found that the rate at which P. aeriginosa cells became 

hydrophobic was dependent on the concentration of rhamnolipid and directly correlated 

with the rate of octadecane degradation. Al-Tahhan (1998) observed increased cell 

surface hydrophobicity in the presence of rhamnolipid which may allow increased 

hexadecane adsorption. 

Together, these and other findings suggest the efficacy of surfactants for 

increasing bioavailabilty and enhancing biodegradation. However, specific needs for 

research still remain including, 1) structure-function analysis of surfactant solubilization 

of organics, 2) transport of surfactant-solubilized organics into cells, 3) interaction of the 

biosurfactant wath solid matrix, 4) optimization of biodegradation conditions using 

surfactants, 5) examination of in-situ biosurfactant production, and 6) scale-up and cost 

analysis for ex-situ biosurfactant production (Miller, 1995). 
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Chapter 2: PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended in this dissertation. The following is a summary of the most important findings 

in these papers. Appendix 1 is a report of experimental work performed in our laboratory 

to develop a Reverse-Transcriptase PGR method to evaluate whether gene expression can 

be used as an indicator of biodegradation. The model system used was Pseudomonas 

putida PpG7, which contains the NAH7 plasmid that encodes the genes responsible for 

naphthalene degradation. Primers were obtained for the nahAc gene and also for a 

constitutively expressed housekeeping gene, rpoD, that served as a positive control and 

reference point for gene expression. These primers were used to amplify mRNA extracted 

from cells grown on salicylate, which induces expression of the nahAc gene. The 

minimum threshold for transcript detection was ~10 mg/L salicylate. Expression of the 

the nahAc transcript was dependent on the concentration of available substrate, which 

was observed below and above K^. In contrast, the expression of rpoD was maintained at 

a constant level throughout the degradation study regardless of whether degradation was 

occurring. In general, the RT-PCR assay detected differences in the expression of a 

degradative transcript due to differential substrate concentrations and had the sensitivity 

to determine when the degradative gene was turned on or off. 

Appendix 2 reports on the application of this RT-PCR assay to evaluate the 

influence of bioavailablity on gene expression patterns during polyaromatic hydrocarbon 

(PAH) degradation. Bioavedlablity is a result of low aqueous solubility and high sorption 
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and can affect bioremediation efforts. This study investigated whether gene expression 

patterns could be used to evaluate PAH degradation. The effect of bioavailability on gene 

expression patterns was monitored during phenanthrene degradation using two 

biosurfactants, rhamnolipid and cyclodextrin. Phenanthrene was used as a model PAH 

and Pseudomonas putida PpG7, which contains the NAH7 plasmid was again used as a 

model degrader. Gene expression patterns, determined by extraction of mRNA followed 

by RT-PCR for the nahAc gene, indicated increased gene expression that corresponded 

with increased bioavailability. However, expression of the nahAc gene was bimodal, 

indicating that expression was downregulated briefly during biodegradation, perhaps due 

to the up-regulation of alternate pathways or to accumulation of a toxic intermediate. In 

contrast, the rpoD housekeeping gene v/as detected at all time points regardless of 

treatment. However, detection was not at a constant level through-out the experiment, 

indicating changes in the physiology of the cell. These results demonstrated that gene 

expression can be used as an index of bioavailability. However expression patterns were 

influenced by factors other than bioavailabilty, and RT-PCR results must be interpreted 

carefully. 

Appendix 3 reports on the application of this RT-PCR assay to evaluate the 

divergence and expression of the nahAc genotype. Three Pseudomonas sp. isolates, 

which contain NAH7-like plasmids, were examined relative to PpG7. Each isolate was 

positive for the nah genotype but had a discriminating ERIC-PCR fingerprint. 

Expression of the nahAc gene for all the isolates correlated with salicylate degradation. 
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However, gene expression patterns of the three Pseudomonas spp. isolates were different 

from that of PpG7. The nahAc allele from each isolate was sequenced for phylogenetic 

analysis. The dendogram created from the analysis of the nahAc allele showed that the 

three Pseudomonas spp. isolates were more closely related to another well-studied 

naphthalene degrader, P. putida NCIB, than to PpG7. These results suggest that gene 

expression is system-dependent and divergence within a genotype is a factor in gene 

activity. Studies such as these are critical for understanding how evolution affects the 

activity of a biodegradative pathway. 



42 

Appendix 1: 

AN RT-PCR ASSAY FOR EVALUATING GENE EXPRESSION AS AN INDEX 
OF BIODEGRADATION 

Elizabeth M. Marlowe*, Raina M. Maier and Ian L. Pepper 

Department of Soil Water and Environmental Science 
University of Arizona 

Shantz Bldg #38, rm. 429 
Tucson, AZ 85721, USA 

Intended for Publication in Journal of Microbial Methods 

•Corresponding Author: Tel.: 1-520-626-8292; Fax: 1-520-621-1647; 
email: marIowe@u.arizona.edu 



43 

Abstract 

A qualitative RT-PCR assay was developed and used to determine whether gene 

expression as measured by mRNA could be used to estimate biodegradation and predict 

the fate of a contaminant. The model system used in this study was Pseudomonas putida 

PpG7, which contains the NAH7 plasmid that encodes the genes responsible for 

naphthalene degradation. Specifically, the nahAc naphthalene dioxygenase gene is 

responsible for the first step in the degradation of polyaromatic hydrocarbons (PAH) such 

as naphthalene. Primers were obtained for the nahAc gene, and also for a housekeeping 

gene that served as a positive control and reference point for gene expression. The 

housekeeping gene chosen was rpoD, which encodes for oThese primers were used to 

amplify mRNA extracted from cells grown on salicylate, which induces expression of the 

nahAc gene. A minimum threshold level of 10 mg/L salicylate was necessary for 

transcription detection. Expression of the nahAc gene was correlated with substrate 

degradation and growth kinetics. In contrast, the expression of rpoD was maintained at a 

constant level throughout the degradation study, regardless of whether or not degradation 

was occxirring. Thus, RT-PCR amplification of mRNA can be used to evaluate gene 

expression as an index of biodegradation. 

Key Words: Biodegradation, mRNA, RT-PCR 
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Introduction 

Recent work has suggested that monitoring of microbial gene expression in 

environmental samples has the potential to be an important tool for evaluating 

environmental health with respect to both microbial activity and contaminant levels 

(Amann, et al., 1990, Atlas, et al., 1992, Holben, et al., 1988). However, there has been 

only a handful of recently published reports on the detection of specific gene transcripts 

in environmental samples (Flemming et al., Hodson et al., 1995, Jeffery et al., 1996, 

1994, Ogunseitan et al., 1993, Tsai et al., 1991). In addition, these studies have 

investigated gene expression with the help of reporter genes or direct RNA extraction and 

detection by gene probe or RT-PCR. 

In this study, the temporal- and substrate concentration-dependent expression of 

one gene from a model naphthalene degradation operon system was investigated and 

correlated with the biodegradation of salicylate, the inducer of the operon system. This 

operon system was chosen because it has been well-studied and characterized (Flemming 

et al., 1993). Specifically, the NAH7 plasmid from Pseudomonas putida contains the 

genes encoding the enzymes for the first 11 steps of naphthalene oxidation (Yen & 

Serdar, 1988). This plasmid is 83kb and contains degradative genes in two operons: 

NAH and SAL. The NAH operon encodes enzymes for the degradation of naphthalene to 

salicylate. The SAL operon allows oxidation of salicylate to acetaldehyde and pyruvate 

(Flemming et. al., 1993). Induction of both operons is positively controlled by salicylate. 
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The NAH and SAL operons are expressed at low basal levels vsdthout induction. 

However, when salicylate is present and biodegradation occurs, salicylate binds to the 

nahR regulatory gene product bound to the upstream promoter regions of both operons, 

thus transcriptionally activating the pathway (Figure 1). 

The gene chosen for this study was the nahAc gene, which encodes the large 

subunit of the iron-sulfur protein component of naphthalene dioxygenase, the enzyme 

responsible for the first step in the degradation of naphthalene. The internal housekeeping 

gene (rpoD) was chosen as a positive control for evaluation of the nahAc gene. The rpoD 

gene is a single copy housekeeping gene, which encodes for CT'", the housekeeping sigma 

factor for transcription initiation (Fujita et al., 1995). In this study the amplification of 

this housekeeping transcript in concert with the nahAc transcript, served several purposes. 

The rpoD transcript was as a reference point to evaluate changes in nahAc expression, it 

served to detect relative differences in the integrity of individual RNA samples, and it 

was used to indicate the presence of any reverse transcriptase inhibitors. 

Overall, this study describes an RT-PCR assay that was used to evaluate whether 

gene expression can be used as an indicator of biodegradation. Gene expression was 

evaluated during growth on varied concentrations of salicylate and compared to changes 

in the cell mass and substrate disappearance. Salicylate was used, since it can be 

considered completely bioavailable (has low sorption and high water solubility) and 

regulates the positive induction of the expression of the nahAc gene. 
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Materials & Methods 

Bacterial Strain & Media. 
Pseudomonas putida G7 (ATCC 29607) was kindly provided by Dr. Gary Saylor, 

University of Tennessee, Knoxville Tennessee. P. putida was maintained at 24°C on 

mineral salts medium (MSM) agar, specifically Bushnell-HASS plates (Difco 

Laboratories, Detroit, MI) using naphthalene vapors as a sole carbon source, and 

transferring monthly. 

RNA Extractions. 
Total RNA was extracted from bacterial cultures using Purescript RNA isolation kits 

(Centra Systems Inc., Minneapolis, MN), according to the manufacturer's instructions. 

Following all extractions, total RNA samples were stored at -80°C until further analysis. 

Prior to all amplifications total RNA was DNased with the following conditions: 2.5 |j,l 

of 5X buffer ( 250mM Tris-HCl, 250mM KCl, 50mM MgCl^, 50mM DTT & 2.5mM 

spermidine); 0.5 |j1 of RNase inhibitor (20U/|il) (Perkin Elemer, Branchburg, New 

Jersey), 10 ^1 total RNA, 2-3 |i,l of DNase (lU/|a.l) (Promega, Madison, WI) & 30 |il of 

DEPC-treated HjO. Samples were incubated at 37°C for 35 minutes, followed by a 65°C 

incubation for 20 minutes to inactivate the DNase. 

RT-PCR. 
Reverse transcriptase amplification of the nahAc and rpoD transcripts was performed 

using GeneAmp®RNA PGR kit (Roche, Branchburg, NJ). For each sample, 4-6 ^1 of an 

RT mixtiure containing 2.5mM MgClj; IX PGR buffer II; ImM each of dGTP, dCTP, 

dATP & dTTP; lU RNase inhibitor; 2.5U Reverse transcriptase and either of the 
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antisense nahAc (0.25 pmol) or rpoD primers (1.70 pmol) were added to 5 |al of DNased 

total RNA. Reverse transcription was carried out in a PTC-100 thermocycler (MJ 

Researchers Inc., Watertown, MA), with incubations at 25°C for 5 min, 42°C for 60 

minutes, 99°C for 5min, and 4°C for 5 min. After completion of the RT step, the mixture 

was combined with the PCR mixture containing either of the upstream nahAc (0.25 pmol) 

or rpoD primers (1.70 pmol), 2.5mM MgClj, IX PCR Buffer, and 2.5U of Taq 2000® 

(Promega, Madison, WI). Amplification of the final 25 nl reaction was done at 95°C 

for 2 min, followed by 35 cycles of 95°C for 15 sec, 55°C for 30 sec, 72°C for 45 sec, a 

final extension at 72°C for 2 min, and a 4°C soak. As a control, all DNased RNA 

samples were subject to PCR prior to RT analysis. 

Primers used to detect the nahAc transcript were those described by Herrick et al. 

(1993). Briefly, the upstream NAHACCl primer 5'GTT TGC AGC TAT CAC GGC 

TGG GGC TTC GGC 3' and the downstream NAHACC3 primer TTC GAC AAT GGC 

GTA GGT CCA GAC CTC GGT 3' PCR detected a 701 bp region of the nahAc gene. 

The primers used to detect the rpoD housekeeping gene were designed using the GCG 

(Gene Computer Group) sequence analysis software package (Madison, WI) and the 

Oligo 5.0 primer analysis software program (National Biosciences, Inc.). The primers 

used to amplify a 579 bp segment of the rpoD gene were the upstream UPRPOD primer 

5'CCA TCG CCA AGA AGT ACA CCA ACC G 3' and the downstream LOWRPOD 

primer 5'CGT CAA ACT GCT TGC CCA CCT CTT C 3'. Specificity of the primers was 

confirmed by direct sequencing of amplified products (University of Arizona, Laboratory 
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of Molecular Systematic and Evolution Sequencing Facility). Sequencing was performed 

using an ABI 377 automated sequencer. BLAST was used to search the NCBI (National 

Center for Biotechnology Information) database for sequence homology. Amplified 

products had a 95% and 97% homology to P. putida rpoD and nafiAc genes. 

Sensitivity of RT-PCR. 
The sensitivity of the RT-PCR assay was determined by assaying for the presence of 

target transcripts from cells ranging in concentration from 1-lO'CFU/ml. The choice of 

total colony forming units was appropriate since nonviable cells that would be observed 

with total direct counts carmot produce mRNA. Cells were grown on 500 mg/L salicylate 

for 16-17 hours until the cell concentration was 10®CFU/ml. The cells were serially 

diluted, the RNA extracted and RT-PCR assayed as described above. 

Analysis of Amplified Products. 
All amplified products were separated by gel electrophoresis using a 1 or 2% agarose gel. 

Gels were stained with either ethidium bromide or SYBR Gold nucleic acid gel stain 

(Molecular Probes, Eugene, OR), and visualized with a UV transilluminator connected to 

an Alpha Imager 2000 documentation and analysis system (Alpha Innotech Corp., 

Sunny dale, CA). 

Biodegradation Studies. 
Biodegradation studies were performed in triplicate in 250 ml flasks in batch culture 50 

ml, utilizing salicylatic acid, sodium salt (Aldrich Chemical Co., Inc., Milwaukee, WI) as 

a sole carbon source in minimal salts broth (MSB). The MSB used was that reported by 

Burlage et. al, (1990). Experiments were conducted at room temperature (24°C) and 

flasks were shaken at 200 rpm. Periodically, 1 ml samples were placed in a 1.5 ml 
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microcentrifuge tubes with 0.5 ml of IN NaOH and stored for fvirther analysis. Samples 

were centrifuged for 1 min at 14,000 rpm to pellet cells. Salicylate concentrations were 

measured by UV spectrophotometry at 296 nm. Biomass was measured by viable plate 

counts. Cultures were serially diluted in HjO, plated in triplicate on R2A media (Difco 

Laboratories, Detroit, MI), and incubated at room temperature for 48 hours. 

Results & Discussion 

Efficacy of the RT-PCR Assay. 
To show that the transcript of interest, rather than any contaminating DNA was being 

amplified by the RT-assay, total RNA extracts were subject to several treatments prior to 

amplification. The extracts were either not treated, RNased, DNased, or both DNased 

and RNased, prior to PCR and RT-PCR amplification. Amplification products were 

detectable after PCR only from those samples which were imtreated or RNased (Table 1). 

Following RT-PCR amplification, products were detectable from those samples which 

either had no treatment, the RNase treatment or the DNase treatment. No products were 

detectable on samples that were subjected to both DNase and RNase treatment. These 

amplification results show that both DNA and RNA were amplified, but treatment of 

RNA extracts with DNase prior to RT-PCR ensures that only RNA is amplified and 

detected. 

Sensitivity of the RT-PCR assay. 
The sensitivity of the RT-PCR assay was determined by monitoring for the target 

transcripts from cells ranging in concentration from 1 to 10' CFU/ml. Cells were grown 
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on 500 mg/L salicylate for 16-17 hours until the cell concentration reached 10®CFU/ml, 

as determined by growth curves, and the RT-PCR signal was consistently strong. At this 

time point, the cells were serially diluted, the RNA extracted, and the RT-PCR assay 

conducted. Results showed that for the nahAc & rpoD transcripts to be detected, a 

minimum of 10' CPUs were required (data not shown). It is possible that the sensitivity 

of the assay was underestimated, given the quick turnover rates of mRNA and the time it 

took to serial dilute the cells and extract the RNA. However, the half-life of nahA mRNA 

has been reported to be 12 minutes, which is long enough to allow processing of the 

undegraded transcripts (Flemming et al., 1993). All further experiments were inoculated 

with 10' CFU/ml. 

Detection in the changes of gene expression. 
Gene expression, salicylate disappearance, and number of CPU were monitored over time 

from cultures grown on 500 mg/L salicylate (Figure 2a, b & c). As shown in Figure 2b, 

the nahAc transcript was detectable gel staining at 12, 16 and 19 hours, but at 39 bom's, 

no transcript was detected. In contrast, the rpoD housekeeping gene was detected at all 

time points (Fig 2c). The presence of the nahAc transcript closely mirrored growth in the 

medium, both in terms of increased cell numbers, and decreased salicylate concentrations 

(Fig 2a). From 8-16 hours, a rapid decrease in salicylate from the mediimi was observed 

and cells were in the exponential growth phase. Thus, during this time period the 

intracellular levels of salicylate would be high, resulting in active induction of the nah 

genes and detection of the nahAc transcript. Cell numbers peaked at approximately 18 

hours, at which time the nahAc transcript was still detectable. However, after this time. 
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the salicylate was completely utilized and cells entered the stationary phase of growth. At 

this point it would be expected that the intracellular levels of salicylate would be 

minimal, resulting in a return to low basal levels of transcription of the nah genes. The 

rpoD housekeeping gene was detected regardless of salicylate concentrations, indicating 

the viability of cells. 

Preliminary studies were done to see if basal, background levels of the nahAc 

transcript could be detected when cells were grown on LB or Nutrient Broth (data not 

shown). No nahAc transcripts were detected in either medium at any stage of growth 

while the rpoD transcript was consistently detected in both media at early, mid, late log 

phase and at stationary phase. It has been reported that the transcription of rpoD is under 

negative control of a heat shock response, which results in decreased expression with 

increasing temperature of growth (Fujita et al., 1995). However, since all the conditions 

for this assay were carried out at 24°C, the influence of the heat shock response was not 

observed. 

Detection of gene expression with varied concentrations of salicylate. 
The RT-PCR assay was used to evaluate gene expression in the presence of varied 

salicylate concentrations. Cells were grown with 10, 50, 100, 500, and 1000 mg/L of 

salicylate, while disappearance of substrate and gene expression were monitored over 

time (Figure 3 & 4). An increased lag period in the induction of nahAc was observed 

with increased salicylate concentrations (Figure 4 & Table 2). The asterisks in Figure 4 

indicate the time points for which the nahAc signal was the strongest. Thus, both the 

initial appearance of nahAc and the maximum transcript signal were substrate dependent. 
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At salicylate concentrations from 10 to 500 mg/L the nahAc transcript was first 

detected 2 hours after exposure (Figure 4). A minimum threshold level of « 10 mg/L of 

salicylate was necessary for transcription detection (Data not shown). The period of time 

necessary for the cells to completely degrade the salicylate increased as salicylate 

concentrations increased, and was also correlated with the detection of the nahAc 

transcript (Fig 3 & Fig 4). At 1000 mg/L of salicylate, the nahAc transcript was not 

detected prior to 12 hours of growth and was detectable after 45 hours (Fig 4). The 

transcript was not assayed beyond this time point. This delay in detection of the nahAc 

transcript correlated with a delay in salicylate degradation (Figure 3 & 4) of 12 hours. 

After a 12 hour lag period, rapid degradation occurred through 50 hours (Figure 3). In all 

cultures, the rpoD transcript was detected at all time points, regardless of the salicylate 

concentration (Figure 4). 

It is of interest that at the highest salicylate concentrations the lag phase was the 

longest. This is consistent with the detection of the nahAc transcript and suggests that this 

salicylate concentration is toxic and requires an acclimation period prior to gene 

expression. To fiirther support the hypothesis of toxicity, we determined the Ks value for 

PpG7 growing on salicylate by performing non linear regression analysis of the 

simultaneous solutions to the Monod equations of growth of cell mass and substrate 

utilization: 

dX . M 
5t =|im Kj + S (1) 
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dS i . . 2£S 
a t  = -  Y  n m  K ,  +  S  ( 2 )  

where X is the cell mass concentration (mg/L), t is time (hr), S is the solution phase 

concentration of substrate (mg/L), ^im is the maximum specific growth rate (hr"'), is 

the half saturation constant (mg/L), and Y is the cell mass yield from substrate 

degradation. The value for PpG7 grown on salicylate was estimated to be 159 mg/L, 

where is defined as the substrate concentration at which growth occurs at Vi the 

maximal growth rate. Since three of the substrate concentrations tested (10, 50 and 100 

mg/L) were less than the value and since 500 mg/L is only 3-fold higher than K^, one 

would predict that the maximum specific growth rate should increase as the substrate 

concentration increased from 10 - 1000 mg/L. This occurred for the 4 substrate 

concentrations as shown in Figure 5. However, at 1000 mg/L which is 6.3-fold greater 

than Kj, the degradation rate should either still increase slightly or plateau at the value 

similar to the 500 mg/L rate. In fact, the rate decreased and this implies that the 

increasing concentration was toxic. Thus, toxicity was reflected in both a slower than 

expected growth rate and an increased lag period which may have been necessary for the 

cells to regulate the uptake of the higher salicylate concentrations from the surrounding 

medium. These results agree with those of Banat et al. (1992), who also observed a 

longer lag phase at higher salicylate concentrations, with a P. putida strain. 

Overall, these data show that as the salicylate concentration decreased within the 

medium and the intracellular levels of salicylate increased, the nahAc gene was induced. 

However, once the salicylate was completely degraded and the intracellular levels of 
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salicylate were reduced again, active induction of nahAc ceased and only basal levels of 

expression of nahAc occured. 

Summary. 
We have shown that an RT-PCR assay detected differences in the expression of a 

degradative transcript due to differential substrate concentrations. Gene activity was 

directly correlated with substrate degradation and growth kinetics. However, detection of 

the nahAc transcript was dependent on the concentration of available substrate, which 

was observed below and above K^. At high levels of salicylate, a toxicity effect was 

observed and an acclimation period or lag phase was evident with the RT-PCR assay. 

Thus, the assay had the sensitivity to determine when the degradative gene was turned on 

or off. This assay would be useful for any organic contaminant in which the gene 

required for degradation has been sequenced. As such, many of the organic contaminants 

used could be evaluated with this assay to gain a better understanding of how the 

environment influences gene expression and ultimately rates of biodegradation. 
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Figures 

Figure 1 - Gene order and organization of the upper NAH and lower SAL operon of the 
NAH7 plasmid. Positive transcriptional translation is regulated by the salicylate-waA/? 
complex. Target transcript of interest for this study is nahAc (Saneverino et al., 1993). 

Figure 2 - Detection in the changes of gene expression. Cells were grown on 500 mg/L of 
salicylate and monitored for nahAc and rpoD activity. A) Salicylate degradation & cell 
growth, B) nahAc mRNA transcripts; lane 1-12 hrs, lane 2 - 16hrs, lane 3-19 hrs, lane 
4 - 39hrs, lane 5- negative control, lane 6- positive control & lane 7 - 123 bp ladder. C) 
rpoD transcripts lane 1 - 123 bp ladder, lane 2-12 hrs, lane 3 - 16hrs, lane 4-19 hrs, & 
lane 5 - 39hrs. Appropriate controls were run, data not shown. 

Figure 3 - Salicylate degradation curves. A) Salicylate degradation 10 mg/L, 50 mg/L & 
100 mg/L, B) 500 mg/L & 1000 mg/L. 

Figure 4 - Qualitative detection of nahAc mRNA to rpoD mRNA over time. nahAc is 
detectable during active salicylate degradation, while rpoD is detectable over the entire 
experiment. 

Figure 5 - Salicylate degradation rates as a function of salicylate concentration, i^max 
was observed at 500 mg/L. The degradation rate was calculated by plotting the substrate 
concentration as a function at time on a semi-log graph. The degradation was determined 
by taking the slope of the linear portion of the resulting curve. 
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TABLE 1- Results of DNase and RNase treatment of total RNA extracted from PpG7 
PGR results 

Transcript RT-PCRfmRNA^ PGR Enzymatic Treatment 
No treatment nahAc 
RNase nahAc 
DNase nahAc 
RNase & DNase nahAc 

+ 

+ 

+ 

+ 

+ 

No treatment 
RNase 
DNase 
RNase & DNase 

rpoD 
rpoD 
rpoD 
rpoD 

+ 
+ 
+ 

+ 
+ 
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Table 2 - Lag phase of PpG7 as a function of Sa 
Salicylate (mg/L) 10 50 100 500 1000 

Lag Phase (hrs) 2 2 5 8 12 

icylate concentration. 
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Figure 1 
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Figure 3A. B. 
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Figure 4. Qualitative Detection of nahAc mRNA to rpoD mRNAOver Time 
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Figure 5. 
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Abstract 

Biodegradation of polyaromatic hydrocarbons (PAH), such as phenanthrene, is 

often limited by their level of bioavailability, which results from a combination of low 

aqueous solubility and high sorption. The purpose of this study was to determine whether 

gene expression patterns can be used to evaluate PAH bioavailability. PAH bioavailablity 

can be altered by the addition of synthetic and microbially-produced surfactants 

(biosurfactants). Therefore, the effect of bioavailability on gene expression patterns was 

monitored during phenanthrene degradation using two biosurfactants, rhamnolipid and 

cyclodextrin. Phenanthrene was used as a model PAH and Pseudomonas putida PpG7, 

which contains the NAH7 plasmid that encodes the genes responsible for naphthalene and 

phenanthrene degradation, was used as a model degrader. Gene expression patterns, 

determined by extraction of mRNA followed by RT-PCR for the nahAc gene, indicated 

increased gene expression that corresponded with increased bioavailability. Expression 

of the nahAc gene was bimodal, indicating that expression was down-regulated briefly 

during biodegradation, perhaps due to the up-regulation of alternate pathways or to 

intermediate accumulation. The results of this study demonstrate that gene expression 

can be used to monitor biodegradation and determine the impact of changing 

environmental variables, such as bioavailability, on biodegradation. 
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Introduction 

Bioremediation depends on microbial activities for the detoxification and removal 

of pollutants from the envirormient. Analysis of how the environment modulates 

microbial activity is essential for understanding the expression of specific catabolic 

genes. Various factors present in the environment are known to activate or repress gene 

expression and thereby modulate microbial activites (4). Thus, if bioremediation is to be 

successful, it is necessary to learn how the environment controls the expression of 

microbial genes. 

Bioremediation of polyaromatic hydrocarbons (PAH) is often limited due to their 

low bioavailability. Bioavailability is defined as the concentration of organic which is 

available to the microorganisms for degradation or metabolism. It relates to the aqueous 

solubility and sorption of the organic. Bioavailability is an important issue in 

bioremediation because, only the bioavailable organic can be degraded by 

microorganisms. Thus, bioavailability can influence the physiological status of a specific 

catabolic gene. This is especially true for application of in-situ bioremediation where 

bioavailability may often control the occurrence and rate of biodegradation (5). 

Several studies over the past few years have examined gene expression at the 

transcriptional level as it relates to microbial activity in the environment. These studies 

involve either the use of a reporter gene (1,9, 10,14) or the extraction of RNA followed 

by direct detection by gene probing (6, 12,13, 19, 20) or RT-PCR (18,22, 27). The goals 

of this study were (i) to determine the applicability of a RT-PCR assay for monitoring 
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gene expression during PAH degradation and (ii) to apply this methodology to evaluate 

the influence of bioavailability on the gene expression patterns of the catabolic nahAc 

gene. 

In this study, Pseudomonas putida G7 (PpG7), which carries the NAH7 plasmid 

that encodes for the genes responsible for naphthalene and phenanthrene degradation, was 

used as a model degrader. Phenanthrene was used as a model PAH due to its relatively 

low vapor pressure (0.018 pa at 25°C) and water solubility (1.3 mg/L). Gene expression 

patterns, determined by extraction of mRNA followed by RT-PCR of the nahAc gene, 

were monitored during phenanthrene degradation using two biosurfactants, rhamnolipid 

and cyclodextrin. This information will be used to demonstrate that gene expression can 

be used as a bioassay to assess bioavailability and its impact on biodegradation. This 

information may also be useful to assess the impact of other environmental factors on 

biodegradation. 

Materials & Methods 

Materials. 
Analytical-grade hydroxypropyl-p-cyclodextrin (HPCD) (purity >99%) was supplied by 

Cerestar USA, Inc. (Hammond, IN). Phenanthrene (purity >98%) was purchased from 

Aldrich Chemical Co. (Milwaukee, WI). Mixed monorhamnolipid and dirhamnolipid 

was produced and purified as described by Zhang and Miller (1992, 1994). Chloroform, 

used to dissolve or extract phenanthrene, was purchased from Mallinckrodt Baker, Inc. 

(Paris, KY). Methanol (HPLC-grade), used to dilute the extracts of phenanthrene, was 
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purchased from J.T. Baker, a division of Mallinckrodt Baker Inc. (Phillipsburg, NJ). 

Acetonitrile UV, employed as a carrier for HPLC analysis, was purchased from Burdick 

& Jackson Inc. (Muskegon, MI). 

Bacterial Strain & Media. 
Pseudomonas putida G7 (ATCC 29607) was kindly provided by Dr. Gary Saylor, 

University of Tennessee, Knoxville Tennessee. P. putida was maintained at 24°C on 

mineral salts medium (MSM) agar, specifically Bushnell-HASS plates (Difco 

Laboratories, Detroit, MI) using naphthalene vapors as a sole carbon source and 

transferring monthly. 

Solubility of Phenanthrene. 
The solubility of phenanthrene in solutions was determined as previously described by 

Wang et al. (1997). 

RNA Extractions. 
Total RNA was extracted from bacterial cultures using Purescript RNA isolation kits 

(Centra Systems Inc., Minneapolis, MN) according to the manufacturer's instructions. 

Following all extractions, total RNA samples were stored at -80°C until further analysis. 

Prior to all amplifications total RNA was DNased under the following conditions: 2.5 (il 

of 5X buffer ( 250mM Tris-HCl, 250mM KCl, 50mM MgC12, 50mM DTT & 2.5mM 

spermidine); 0.5 |il of RNase inhibitor (20U/nl) (Perkin Elemer, Branchburg, New 

Jersey), 10 )a.l total RNA, 2-3 |J.1 of DNase (lU/|il) (Promega, Madison, WI) & 30 |il of 

DEPC treated HjO, samples were incubated at 37°C for 35 minutes, followed by a 65°C 

incubation for 20 minutes to inactivate the DNase. 
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RT-PCR. 
Reverse transcriptase amplification of the nahAc and rpoD transcripts was performed 

using GeneAmp®RNA PGR kit (Roche, Branchburg, NJ). For each sample, 4-6 |xl of an 

RT mixture containing 2.5mM MgClj; IX PGR buffer 11; ImM each of dGTP, dCTP, 

dATP & dTTP; lU RNase inhibitor; 2.5U reverse transcriptase and either of the antisense 

nahAc (0.25 pmol) or rpoD primers (1.70 pmol) were added to 5 |a.l of DNased total 

RNA. Reverse transcription was carried out in a PTC-100 thermocycler (MJ researchers 

Inc., Watertown, MA), with incubations at 25°C for 5 min, 42°C for 60 minutes, 99°C for 

5min, and 4°C for 5 min. After completion of the RT step, the mixture was combined 

with the PGR mixture containing either the upstream nahAc (0.25 pmol) or rpoD primer 

(1.70 pmol), 2.5mM MgCl^, IX PGR Buffer, and 2.5U of Taq 2000® (Promega, 

Madison, WI). Amplification of the final 25 nl reaction was done at 95°G for 2min, 

followed by 35 cycles of 95°C for 15 sec, 55°C for 30 sec, 72°C for 45 sec, a final 

extension at 72°C for 2min and a 4°C soak. As a control, all DNased RNA samples were 

subject to PGR prior to RT analysis. 

Primers used to detect the nahAc transcript were those described by Herrick et al. 

(1993). Briefly, the upstream NAHAGGl primer 5'GTT TGG AGG TAT GAG GGC 

TGG GGC TTC GGC 3' and the downstream NAHAGG3 primer TTC GAC AAT GGC 

GTA GGT CCA GAC GTC GGT 3' PGR detected a 701 bp region of the nahAc gene. 

The primers used to detect the rpoD housekeeping gene were designed using the GCG 

(Gene Computer Group) sequence analysis software package (Madison, WI) and the 

Oligo 5.0 primer analysis software program (National Biosciences, Inc.). The primers 
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used to amplify a 579 bp segment of the rpoD gene were the upstream UPRPOD primer 

5'CCA TCG CCA AGA AGT ACA CCA ACC G 3' and the downstream LOWRPOD 

primer 5'CGT CAA ACT GCT TGC CCA CCT CTT C 3'. Specificity of the primers was 

confirmed by direct sequencing of amplified products (University of Arizona, Laboratory 

of Molecular Systematic and Evolution Sequencing Facility). Sequencing was performed 

using an ABI 377 automated sequencer. BLAST was used to search the NCBI (National 

Center for Biotechnology Information) database for sequence homology. Amplified 

products had a 95% and 97% homology to P. putida rpoD and nahAc genes, respectively. 

Analysis of Amplified Products. 
All amplified products were separated by gel electrophoresis using a 1-2% agarose gel. 

Gels were stained with either ethidium bromide or SYBR Gold nucleic acid gel stain 

(Molecular Probes, Eugene, Or), and visualized with a UV transilluminator connected to 

an Alpha Imager 2000 documentation and analysis system (Alpha Innotech Corp., 

Sunnydale, CA). 

Biodegradation Studies. 
The biodegradation of phenanthrene was quantified in two ways: (1) direct measurement 

of phenanthrene loss, used to determine substrate utilization, and (2) cell counts, used to 

evaluate cell mass. For the substrate utilization experiments, which were conducted in 

triplicate, 8.75 mg of phenanthrene was dissolved in chloroform and added to 250-mL 

flasks. The solvent was allowed to evaporate overnight, leaving a thin coating of 

phenanthrene covering the sides and bottom of the flasks. Bushnell-HAAS broth (25 ml) 

containing 10^ mg/L rhamnolipid or lO"* mg/L purified HPCD were added to each flask. 
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Samples were inoculated with a 72 hour preculture to achieve a final cell density of 

approximately 10' CFU/ml. Samples were incubated at 200 rpm on a orbital shaker at 

room temperature. 

At the beginning and the end of the experiment a set of triplicate samples was 

sacrificed and the contents of each flask were serially extracted two times with 50 ml of 

chloroform. Three drops of concentrated HCl were added to samples with rhamnolipid to 

precipitate the rhamnolipid and reduce emulsification during solvent extraction. The 

extracts were combined and concentrated with a Rotavapor Evaporation System (Biichi 

Co., Switzerland) to 1 ml, after which the volume was adjusted to 5 ml with HPLC-grade 

methanol. Samples from the first day had higher levels of phenanthrene; therefore, those 

extracts were diluted 100-fold with HPLC-grade methanol. The amount of phenanthrene 

in the extracts was quantified by high performance liquid chromatography (Waters, 

Milford, MA). All samples were filtered through glass wool prior to HPLC analysis. 

HPLC analysis was performed isocratically using a mobile phase of 5% water (HPLC-

grade) and 95% acetonitrile UV (HPLC-grade) and a reverse phase column, Nova-Pak® 

C18A 4)im 3.9 X 150 mm (Water Corp., Milford, MA). The flow rate was 1 ml/min and 

the wavelength used for detection of phenanthrene was 250 nm. 

Biomass was measured by viable plate counts. Cultures were serially diluted in 

sterile water, plated in triplicate on RjA media (Difco Laboratories, Detroit, MI) and 

incubated at room temperature for 48 hours. 
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Results & Discussion: 

Bacterial Strain. 
The model system used in this study was Pseudomonas putida G7 (PpG7) which carries 

the NAH7 plasmid on which the genes responsible for naphthalene biodegradation are 

found. This plasmid has also been associated with the biodegradation of higher PAHs 

such as phenanthrene and anthracene (20). PpG7 was screened for surfactant production. 

Preliminary results showed that PpG7 was not positive for the rhlB gene, encoding the 

rhamnosyltransferase involved in rhamnolipid biosynthesis, as determined by PGR 

analysis. In addition PpG7 tested negative for surfactant production using a drop collapse 

assay (2). Thus, the influence of the solubilizing agents was solely from the addition of 

the two different treatments and not any in-situ microbially-produced surfactants. 

Phenanthrene Solubilization. 
The low bioavailability of PAHs is a result of their low aqueous solubility and high 

sorption capabilities. Thus, bioavailability is a major factor that influences the 

biodegradation of PAHs. The aqueous solubility of phenanthrene in the absence of 

surfactant was measured to be 1.3 mg/L. However, the presence of a surfactant increased 

the apparent solubility of phenanthrene (Table I). In the presence of 10' mg/L 

rhamnolipid the apparent solubility of the phenanthrene increased greater than 18 times to 

23.9 mg/L. In the presence of lO"* mg/L of HPCD the apparent solubility of 

phenanthrene increased 15 times to approximately 20 mg/L. Thus, in the presence of 

either biosurfactant, the larger apparent solubility results in more directly available 

substrate for microbial activity and increased gene expression (32). 
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Biodegradation (1) Substrate Disappearance. 
Substrate disappearance was measured at the beginning and the end of the 14 day 

biodegradation experiment. All flasks were inoculated with an initial phenathrene 

concentration of 350 mg/L. Substrate was measured on day 0 and day 14, the percent 

phenanthrene remaining after 14 days is shown in Table 2. Both the rhamnolipid and 

HPCD treatments showed considerable reductions in the substrate with 17.4% and 26.9% 

remaining respectively after 14 days. In contrast, when there was no solublization agent 

present, 91.4% of the phenanthrene still remained after 14 days. These results 

demonstrate that the biosurfactants significantly enhanced biodegradation. 

Biodegradation (2) Cell Growth. 
The effect of the biosurfactants on phenanthrene biodegradation was further demonstrated 

by measuring cell mass as determined by viable plate counts (Figure 1). A similar 

increase in cell mass was seen in both surfactant treatments over the course of the 

experiment, while little or no increase in cell mass was meeisured in the absence of 

surfactant or in the controls with no phenanthrene. These results show that neither one of 

the solubilizing agents inhibited growth during phenanthrene degradation. In addition, 

these data confirm that the solubilizing agents were not used as a carbon or energy source 

by PpG7. 

Biodegradation (3) Gene Expression. 
In order to evaluate the influence of biosurfactants on gene expression, mRNA was 

assayed in conjunction with the biodegradation of the phenanthrene. Figure 2 shows an 

example of RT-PCR detection of both the nahAc degradative transcript (Figure 2a) and 

the rpoD housekeeping transcript (Figure 2b). The internal housekeeping gene {rpoD) 
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was assayed in concert with the nahAc degradative transcript which served as a positive 

control. The rpoD gene is a single copy housekeeping gene that encodes for CT'", the 

housekeeping sigma factor for transcription initiation (7). The rpoD transcript served as a 

reference point to evaluate changes in nahAc expression, to detect relative differences in 

the integrity of individual RNA samples, and to indicate the presence of any reverse 

transciptase inhibitors. Cells were grown on 350 mg/L of phenanthrene and gene 

expression was monitored over time. 

Figure 3 is a qualitative summary of all the gene expression assays indicating 

transcript detection. Induction of the nahAc transcript was observed after 48 hours of 

exposure to the rhamnolipid or HPCD in the presence of phenanthrene. In contrast, 

induction of the nahAc transcript was not detected until 312 hrs post inoculation when no 

solubilization agent was present. Thus, the increase in available phenanthrene due to the 

presence of the solubilizing agents resulted in an increase in cellular activity which was 

detected by the induction of nahAc mRNA. In the control treatments v«th no 

phenanthrene, the nahAc transcript was not detected at any time point. 

Interestingly, in both the rhamnolipid and the HPCD treatments, the nahAc gene 

was not detected at 96 and 196 hours (Figure 3). After a brief period of down-regulation, 

induction of the nahAc transcript was again detected after 144 and 246 hours. This "on 

and off expression pattern was not detected when no solubilizing agent was present. 

However, since the induction of gene expression was delayed in this sample, it may not 

have been assayed for long enough to observe the down-regulation phenomenon. 
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The rpoD housekeeping transcript was detected at eill time points regardless of 

treatment; however some differences in the intensity of the rpoD transcript were visible 

(Figure 2b). It is believed that this difference in band intensities is due to changes the 

physiology of the cell which occurred over the 14 days of mRNA monitoring. Visual 

mentoring of cultures over the 14 day degradation experiment saw an initial burst of 

degradation after 48 hours, which resulted in a brownish-yellowish pigment in the media, 

indicative of PAH degradation. This pigment plateaued until several days into 

degradation when the intensity of the pigment and the turbidity of the culture increased. 

These differences were reflected in the physiology of both the nahAc gene, which 

resulted in a brief down regulation, and the rpoD gene, which was seen as differences in 

banding intensity. For example. Figure 2a shows the initial induction of the nahAc 

transcript after 48 hours, followed by a brief down-regulation seen as an undetectable 

band at 96 hours and weak bands at 144 and 196 hours. This correlates with Figure 2b 

which shows concurrent detection of rpoD, in which a brighter band was detected after 48 

hours followed by slightly weaker band pattems fi"om 96 to 196 hours and again brighter 

banding pattems up to 336 hours. 

It is possible that these differences in band intensity were due to differences in the 

integrity of individual RNA samples or the presence of reverse transcriptase inhibitors. 

However, this difference in band intensity pattems was seen throughout the study and 

RNA samples were periodicially run on gels to look for any indication of RNA 

degradation. Some variance in band intensity seen between samples can be attributed to 
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the nature of PCR and inconsistent gel staining that can occur from assay to assay. In the 

control samples with no surfactant or no phenanthrene the rpoD bands were not as intense 

as those samples with phenanthrene and surfactant (data not shown), and cell growth was 

minimal, with cell numbers remaining closer to the threshold of detection for the mRNA 

assay (10' CFU/ml) (16). Since the control cells did not utilize the surfactants as an 

energy or carbon source this suggests the cells may have been in a maintenance state 

rather than an active state. During the development of this RT-PCR assay, differences in 

band intensities were not seen with the rpoD transcript, even when cells were grown on 

media without any nah inducer and sampled at different stages of growth (16). However, 

in these earlier experiments mRNA was never monitored fi-om cells in a maintenance 

state and mRNA was monitored over a much shorter period of time than this 14 day study 

monitoring phenanthrene degradation. 

The differences seen in the gene expression patterns of the degradative transcript 

may be due to several factors. The enzymes that initially act to metabolize naphthalene 

also act to metabolize phenanthrene (For review see, Sutherland, 1995). However, it has 

been proposed by some that enzymes other than those encoded by nahA catalyze the first 

step in phenanthrene metabolism (20). The first aromatic ring is removed via the 

naphthalene enzymes with the formation of l-hydroxy-2-naphthoic acid intermediate 

(Figure 4). There are two possible fates for continued phenanthrene degradation. The 

first pathway is known as the Evans pathway (3). In this pathway the intermediate is 

decarboxylated to 1,2-dihydroxynaphthlene, which then re-enters the catabolic pathway at 
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the ring cleavage step. Thus, the three ring compound is metabolized via the upper NAH 

pathway twice to remove the first two aromatic rings and via the lower SAL pathway 

once for the last aromatic ring. The second pathway is the Kiyohara pathway (15). In 

this pathway the l-hydroxy-2-naphthoic acid is the substrate for ring cleavage between 

the hydroxyl and carboxyl substituents on the aromatic ring. This is followed by the 

removal of the aliphatic side chain and the formation of phthalate, which is metabolized 

through protocatechuate to tricarboxylic acid intermediates (8). 

The cells in this study may have been metabolizing phenanthrene initially by the 

upper NAH pathway. However, once enough of the intermediate, l-hydroxy-2-naphthoic 

acid, was formed it may have induced an alternate mechanism of metabolism resulting in 

the down-regulation of the upper NAH pahtway. This shift of alternate mechanisms of 

metabolism may have required a period of acclimation to allow buildup of the necessary 

enzymes for metabolism. Once enough enzyme was synthesized and the cells had 

sufficiently metabolized the l-hydroxy-2-naphthoic acid intermediate, up regulation of 

the upper NAH pathway may have occurred, probably in conjunction with the alternate 

mechanism of metabolism to allow for optimal degradation to continue. Stringfellow & 

Aitken (1994) evaluated two Pseudomonas spp. for phenanthrene degradation and found 

that, although both organisms degraded phenathrene via salicylic acid, patterns of 

intermediate metabolism differed. Thus, it is also possible that some phenanthrene 

metabolism occurred by alternate mechanisms which were not able to be detected by the 

mRNA assay of nahAc. 
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Another possibility to explain the disappearance and reappearance of the mhAc 

transcript is that there was a build up of toxic intermediates after the initial breakdown of 

phenanthrene, resulting in decreased cellular activity. Given time, the cells either adapted 

to the toxicity or slowly metabolized the toxic intermediates such that the concentration 

of the toxic intermediates decreased (23). After recovery from toxicity, the cellular 

metabolism would again increase. The changes in the metabolism of the cell due to toxic 

intermediates is supported by the banding intensity pattems seen during the monitoring of 

the rpoD housekeeping gene. Toxicity effects were previously observed at high 

salicylate levels (1000 mg/L) which resulted in an increased lag period and delayed 

induction of the nahAc transcript (16). Thus it seems likely that the influence of toxic 

intermediates would influence gene expression imtil the cells have recovered or adapted. 

The results presented here suggest that this assay is sensitive enough to evaluate changes 

in gene expression due to shifts in the metabolism of the cell. 

The fact that the mhAc transcript was down-regulated at different times during 

phenanthrene degradation is most likely surfactant specific. The interaction of surfactants 

with microorganisms is not well defined (17). For example, Zhang et al. (1997) found 

that the usefulness of a surfactant was a factor of both the enhanced solubility of the 

phenanthrene and the bioavailability of the phenanthrene in the rhamnolipid micelles. In 

our study, it is seems likely that the bioavailability of the phenanthrene in the 

rhamnolipid micelles and the HPCD molecule varied. Thus, the build up of intermediates 

was delayed depending on the surfactant present. 



81 

These data demonstrate that when the bioavailability of phenanthrene is increased, 

the transcription of the nahAc gene was induced, serving as an indicator of 

bioavailability. However, once alternative pathways are induced or toxic intermediates 

accumulated active induction of nahAc was down-regulated until the nah pathway was 

once again required or toxicity of intermediates was reduced. 

Summary. 
We have shown that gene expression as measured by mRNA was able to detect 

differences in the expression of a degradative transcript due to the bioavailability of a 

substrate. Gene expression patterns were correlated with biodegradation. However 

expression of the nahAc and the rpoD transcripts were influenced by factors other than 

bioavailability. Thus, results of a gene expression assay need to be interpreted carefully. 

This assay was sensitive enough to determine temporal expression of the degradative 

gene, such as up-regulation and down-regulation. The results of this research 

demonstrate that monitoring gene expression allows detection of changes in the 

expression of degradative transcripts due to alternate mechanisms of metabolism or 

toxicity. Such gene expression assays would be useful as a bioassay for evaluating the 

impact of other environmental factors on biodegradation, as well as for understanding the 

regulation of catabolic pathways of higher molecular weight PAHs. As such, useful 

insight into the environmental factors that influence microbial activities would be gained. 
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Figures 

Figure 1- Growth of PpG7 on Phenantlirene. Cells were grown on 350 mg/L of 
phenanthrene and either 10^ mg/L rhamnolipid or lO"* mg/L HPCD was added to the 
culture. 

Figure 2 A & B - mRNA was detected by RT-PCR in conjunction with phenanthrene 
degradation. (A) This gel shows the results of RT-PCR mRNA detection of the 701 bp 
nahAc gene in the presence of 10'' mg/L of HPCD. Lane 1- 123 bp ladder. Lane 2 - T = 0, 
Lane 3 - T = 48, Lane 4 - T= 96, Lane 5 - T = 144, Lane 6 - T = 196, Lane 7 - T = 246, 
Lane 8 - T = 312, Lane 9 - T = 336, Lane 10 - neg. control, and Lane 11 - positive 
control. (B) This gel shows the results of RT-PCR mRNA detection of the 579 bp rpoD 
housekeeping gene in the presence of 10''mg/L of HPCD. Lane 1-123 bp ladder. Lane 2 
- T = 0, Lane 3 - T = 48, Lane 4 - T= 96, Lane 5 - T = 144, Lane 6 - T = 196, Lane 7 - T = 
246, Lane 8 - T = 312, Lane 9 - T = 336, Lane 10 - negative contol. Lane 11 - positive 
control, and Lane - 12 - 123 bp ladder. 

Figure 3 - Qualitative detection of nahAc mRNA to rpoD mRNA over time. 

Figure 4 - Catabolic pathways for the degradation of phenanthrene. The first ring is 
removed with the formation of l-hydroxy-2-naphthoic acid intermediate. There are two 
possible fates for continued phenanthrene degradation. The first pathway is known as the 
Evans pathway (3). The compound is decarboxylated to 1,2-dihyoxynaphthlene, which 
then reenters the catabolic pathway at the ring cleavage step. The other pathway is the 
Kiyohara pathway (15). During this pathway the l-hydroxy-2-naphthoic acid is the 
substrate for ring cleavage between the hydroxyl and carboxyl substituents on the 
aromatic ring. This is followed by the removal of the aliphatic side chain and the 
formation of phthalate which is metabolized through protocatechuate to tricarboxylic acid 
intermediates (8). 
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Table 1. Solubilization of Phenanthrene by Surfactants 
SURFACTANT TYPE SURFACTANT 

CONCENTRATION 
PHENANTHRENE 
SOLUBILITY (MG/L) 

No surfactant 0 L3 tng/L 
HPCD 10^ mg/L 20.0 mg/L 
Mono/dirhatnnolipid 10^ mg/L 23.9 mg/L 
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Table 2. Phenanthrene Disappearance 
SURFACTANT TYPE PHENANTHRENE 

REMAINING(%) 
AFTER 14 DAYS 

No surfactant 91.4 

HPCD 
(104 mg/L) 

26.9 

Mono/dirhamnolipid 
(103 mg/L) 

17.4 
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Figure 1 
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Figure 2. 
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Figure 3. Qualitative Detection of nahAc mRNA to rpoD mRNA Over Time 
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Abstract 
The evolution and activity of genes encoding biodegradative processes in the 

environment is poorly understood. The purpose of this study was to evaluate the 

divergence and expression of the nahAc genotype. This study compared three 

Pseudomonas spp. that cany a NAH7-like plasmid to the well studied Pseudomonas 

putida (PpG7-NAH7). The isolates were evaluated based on: i) overall genetic 

distinction, ii) degradation, iii) gene expression patterns, and iv) nahAc allele sequences. 

Overall genetic distinction was determined by ERIC-PCR which yielded in 

discriminating DNA fingerprints for each isolate. Expression of the nahAc gene 

correlated with degradation of salicylate for all isolates. However the gene expression 

patterns for the environmental isolates differed from that of PpG7. Phylogenetic analysis 

of the nahAc genotype revealed that the three Pseudomonas spp. were more closely 

related to another well-studied naphthalene degrader, P. putida NCIB 9816, than to 

PpG7. These data suggest that gene expression is regulation system-dependent and that 

divergence within a genotype is a factor in gene activity. 
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Introduction 

Genetic exchange among bacteria in the environment is one mechanism that 

contributes to the ability of microorganisms to adapt to their surroundings. Specifically, 

gene transfer has been demonstrated to confer genotypes and enhance biodegradation 

(DiGiovanni et al., 1996). However, studies have demonstrated that the detection of a 

specific genotype, or specific genetic potential of a population, does not always reflect 

the actual activities of those genotypes in the environment (Tebbe et al., 1992, Amy et al., 

1990, Barkay & Olson, 1986). A crucial step in the success of a newly-evolved pathway 

is the acquisition of an adequate regulatory system for gene expression which is 

responsive to pathway inducers and relative metabolic intermediates (Sousa et al., 1997). 

However, little is known about how the evolution of a degradative pathway influences 

gene expression in the enviroiunent. 

One example of a widely studied genotype is that of NAH7. The NAH7 plasmid 

is found in Pseudonmonas putida G7 (PpG7) and carries the genes encoding the enzymes 

responsible for naphthalene degradation. Several bacteria of the genus Pseudomonas 

capable of polyaromatic hyrocarbon (PAH) degradation have been isolated from very 

diverse enviroiunents, and found to carry plasmids analogous to that of NAH7 (Yen & 

Serdar, 1988). Most studies done to evaluate these bacteria have evaluated degradation 

potential and genetic potential. However, the divergence and activity of this genotype 

warrants further investigation. 
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In this study the naphthalene degradation system encoded on the NAH7 plasmid 

of PpG7 was used as a model system to evaluate the effect of gene divergence on the 

expression of biodegradative genes from the environment. Specifically, this study 

evaluated whether these analogous plasmids behave similarly and how the evolution of a 

pathway (genetic potential) influences gene expression (genetic activity). Three 

Pseudomonas isolates; P. fluorescens 5R, Pseudomonas sp. strain DFC50, and 

Pseudomonas sp. strain DFC49, from a manufacturing gas plant slurry reactor, previously 

identified as having NAH7-like plasmids (Sanseverino et al., 1993) were examined 

relative to PpG7. The purpose of this study was to evaluate divergence and gene 

expression of the nahAc allele of isolates with NAH-7 like plasmids, compared to the 

well-studied PpG7 (NAH7), based on: i) overall genetic distinction; ii) degradation; iii) 

gene expression patterns; and iv) nahAc sequences. Analysis of the genetic divergence 

and performance of these isolates will bring a better understanding of the ecology and 

evolution of PAH degradation (Goyal et al., 1997). 

Materials & Methods 

Bacterial Strains and Media. 
The bacterial isolates used include P. putida G7 (ATCC 29607), P. fluorescens 5R, 

Pseudomonas sp. strain DFC50, and Pseudomonas sp. strain DFC49 (all gifts from Dr. 

Gary Saylor, University of Tennessee, Knoxville Teimessee). All Pseudomonas isolates 

had the NAH7 plasmid or a NAH7-like plasmid, were positive for the nahAc gene as 

detected by PGR and could degrade salicylate, naphthalene, phenanthrene and anthracene 

(Sanseverino et al., 1993). Isolates were maintained at 24°C and transfered monthly on 
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mineral salts medium Bushnell-HASS (Difco Laboratories, Detroit, MI) using 

naphthalene vapors as a sole carbon source. 

ERIC PCR. 
ERIC PCR amplifications were performed to genetically fingerprint all isolates. 

Amplifications were done using whole cell lysates (approximately 10' CFU/ml) and 

were performed as described previously by Versalovic et al. (1994) with modifications as 

described by Burr et al. (1998). 

RNA Extractions. 
Total RNA was extracted fi-om bacterial cultures using Purescript RNA isolation kits 

(Centra systems Inc., Minneapolis, MN), according to the manufacturer's instructions. 

Following extractions total RNA samples were stored at -80°C until further analysis. 

Prior to amplification, total RNA was DNased under the following conditions: 2.5 fxl of 

5X buffer ( 250mM Tris-HCl, 250mM KCl, 50mM MgCl^, 50mM DTT & 2.5mM 

spermidine); 0.5 |il of RNase inhibitor (20U/|J.l) (Perkin Elmer, Branchburg, New Jersey); 

10 |al total RNA, 2-3 ^il of DNase (lU/|al) (Promega, Madison, WI); & 30 ^l of DEPC 

treated H2O. Samples were incubated at 37°C for 35 min., followed by a 65°C incubation 

for 20 min. to inactivate the DNase. 

RT-PCR. 
Reverse transcriptase amplification of the nahAc and rpoD transcripts was performed 

using GeneAmp®RNA PCR kit (Roche, Branchburg, NJ). For each sample, 4-6 pi of an 

RT mixture containing 2.5mM MgClj; IX PCR buffer II; ImM each of dGTP, dCTP, 

dATP & dTTP; lU RNase inhibitor; 2.5U reverse transcriptase and either of the antisense 

nahAc (0.25 pmol) or rpoD primers (1.70 pmol) were added to 5 |al of DNased total 
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RNA. Reverse transcription (RT) was carried out in a PTC-100 thermocycler (MJ 

Researchers Inc., Watertown, MA), with incubations at 25°C for 5 min, 42°C for 60 min., 

99°C for 5min, and 4°C for 5 min. After completion of the RT step, the mixture was 

combined with the PCR mixture containing either of the upstream nakAc (0.25 pmol) or 

rpoD primers (1.70 pmol), 2.5mM MgClj, IX PCR Buffer, and 2.5U of Taq 2000® 

(Promega, Madison, WI). Amplification of the final 25 |j.1 reaction was done at 95°C 

for 2 min, followed by 35 cycles of 95°C for 15 sec, 55°C for 30 sec, 72°C for 45 sec, a 

final extension at 72°C for 2 min and a 4°C soak. As a control, all DNased RNA 

samples were subject to PCR prior to RT analysis. 

Primers used to detect the nahAc transcript were those described by Herrick et al., 

(1993). Briefly, the upstream NAHACCl primer 5'GTT TGC AGC TAT CAC GGC 

TGG GGC TTC GGC 3', and the downstream NAHACC3 primer TTC GAC AAT GGC 

GTA GGT CCA GAC CTC GGT 3' PCR detected a 701 bp region of the nahAc gene. 

The primers used to detect the rpoD housekeeping gene were designed using the GCG 

(Gene Computer Group) sequence analysis software package (Madison, WI) and the 

Oligo 5.0 primer analysis software program (NBI, Plymouth, MN). The primers used to 

amplify a 579 bp segment of the rpoD gene were the upstream UPRPOD primer 5'CCA 

TCG CCA AGA AGT ACA CCA ACC G 3', and the downstream LOWRPOD primer 

5'CGT CAA ACT GCT TGC CCA CCT CTT C 3'. Specificity of the primers was 

confirmed by direct sequencing of amplified products (University of Arizona, Laboratory 

of Molecular Systematic and Evolution Sequencing Facility). Sequencing was performed 
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using an ABI 377 automated sequencer. BLAST was used to search the NCBI (National 

Center for Biotechnology Information) database for sequence homology. Amplified 

products had a 95% and 97% homology to P. putida rpoD and nahAc genes. 

Analysis of Amplified Products. 
All amplified products were separated by gel electrophoresis using a 1-2% agarose gel. 

Gels were stained with either ethidium bromide or SYBR Gold nucleic acid gel stain 

(Molecular Probes, Eugene, Or), and visualized with a UV transilluminator connected to 

an Alpha Imager 2000 documentation and analysis system (Alpha Iimotech Corp., 

Simnydale, CA). 

Biodegradation Studies. 
Biodegradation studies were performed in triplicate in batch culture, utilizing 500 mg/L 

salicylatic acid, sodium salt (Aldrich Chemical Co., Inc., Milwaukee, WI) as a sole 

carbon source in minimal salts broth (MSB). The MSB used was that reported by Burlage 

et al., (1990). All experiment were conducted at room temperature (24°C) and shaken at 

200 rpm. Periodically a 1 ml sample was placed in a 1.5 ml microcentrifuge tube with 0.5 

ml of IN NaOH and stored for further analysis. For analysis, samples were centrifiiged 

for 1 min at 14,000 rpm and analyzed for salicylate concentration by UV 

spectrophotometry at 296 nm. Biomass was measured as viable plate counts. Cultures 

were serially diluted in H2O, plated in triplicate on RjA media (Difco Laboratories, 

Detroit, MI) and incubated at room temperature for 48 hours. 

Sequence Analysis. 
Amplified PCR products were purified using Qiaquick-spin PCR* Purification kit 

(Qiagen Inc. Chatsworth, CA), according to manufacture's directions. PCR products were 
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directly sequenced as described above. The analysis was performed using sequences 

obtained by direct DNA sequencing and using published nucleic acid sequences. The 

DNA sequences used include; P. fluoresence 5R (pKAl), Pseudomonas sp. strain DFC50 

(pKA2), Pseudomonas sp. strain DFC49 (pKA3), P. putida (NAH7) (acession # 

M83949), P. putida NCIB9816 (accession # M83950), & P. aeruginosa pah genes 

(accession # D84146). The determined sequences and published sequences were aligned 

using Sequence Navagator (ABI Perkin Elmer, Foster City, CA). Phylogenetic analysis 

of the sequences was performed doing an exhaustive search processed through PAUP 3.1 

(Swofford, Illinois Natural History Survey, 1993) using the P. aeruginosa pah genes as 

an outgroup. 

RESULTS & DISCUSSION 

Bacterial Strains. 
All three bacterial isolates carrying NAH7-like plasmids were isolated from a mixed 

slurry treatment reactor inoculum for manufactured gas plant soil contaminated with 

PAHs. These strains, identified as P. fluorescens 5R, Pseudomonas sp. strain DFC50, 

and Peudomonas sp. strain DFC49, were foimd to carry large («100kb), single copy 

plasmids associated with PAH degradation. These plasmids designated pKAl, pKA2, & 

pKA3 carry genes that are homologous to the catabolic genes found on NAH7. 

Restriction digests showed polymorphism among the plasmids and with NAH7 

(Sanseverino et al., 1993). To demonstrate genetic discrimination among the isolates 

which all have the nah genotype, ERIC-PCR was performed to generate discriminating 
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DNA fingerprints for each isolate (Figure 1). These fingerprint patterns illustrate that 

each isolate generated a unique pattern. 

Salicylate Degradation. 
Degradation and gene expression were evaluated in the presence of 500 mg/L of 

salicylate (Figure 2 & Figure 4) Gene expression was evaluated using an RT-PCR assay 

specific for the expression of the nahAc gene, the first enzyme responsible for the first 

step of degradation of naphthalene, and an intemal housekeeping gene rpoD, which 

encodes for CT'" and serves as an intemal control for evaluating mhAc expression 

(Marlowe et al., 1998). Figures 3a & b shows an example of RT-PCR detection of both 

the nahAc degradative transcript (Figure 3a) and the rpoD (Figure 3b) housekeeping 

transcript. Salicylate was used as a substrate since it is considered to be completely 

bioavailable, exhibits low sorption to soil and has high water solubility. Further, 

salicylate regulates the positive induction of the expression of the nahAc gene. 

A longer lag period in the induction of nahAc and degradation of salicylate was 

observed for all three Pseudomonas sp. isolates compared to PpG7 (NAH7) (Figure 2 and 

Figure 4). Rates of salicylate degradation were positively correlated with the ability ot 

detect nahAc beginning 12 hours after exposure and were detected up to 45 hrs. The 

transcript was not assayed beyond this point. The lag phase of mRNA detection was up 

to 10 hours longer compared to that of PpG7 (NAH7) in which the presence of nahAc 

was detected from 2-19 hours. This lag period may be due to the fact that the salicylate 

concentration was slightly toxic for the environmental isolates and the cells required an 
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acclimation period prior to active degradation. A similar pattern was observed with PpG7 

(NAH7) when the salicylate concentrations were 1000 mg/L (Marlowe et al., 1998). 

The time point for which the nahAc signal was the strongest (noted by an asterisk 

in Table 2) occurred consistently at 16-17 hours for all isolates including PpG7. This 

suggested that both the initial appearance and the maximum transcript signal were 

regulation system dependent. A similar study using RT-PCR found that the expression of 

hydrocarbon degradation genes was regulated differently among hydrocarbon degrading 

bacteria (Vaughn & Atlas, 1997). Some of the regulatory differences among NAH-like 

plasmids can be explained by differences in the DNA sequences of these plasmids. 

Transfer of these plasmids from their natural host can result in structural changes. 

For example, the conjugation of the salicylate catabolic plasmid pDTGl 1 can result in the 

formation of new naphthalene or salicylate catabolic plasmids due to the acquisition of 

additional genetic material (Yen & Serdar, 1988). Cane & Willams (1982) reported the 

structural plasmid changes involving deletions and insertions to explain the conflicting 

reports of the catabolic phenotype of Pseudomonas NCIB 9816. Analysis of such genetic 

properties provides insight into how genetic changes effects the formation of catabolic 

plasmids. This structural instability and genetic relatedness are the basis for genetic 

improvement to form new catabolic forces which can be preserved by selective forces 

(Haq et al., 1996, Yen & Serdar, 1988). 

Sequence analysis of amplifed nahAc genes. 
Sequence analysis of individual genes can be useful in reconstructing relationships 

among those genes and the bacteria possessing them (Herrick et al., 1993). Therefore, the 
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phylogenetic relationship among the nahAc allele was determined using sequence 

analysis. The 701 bp amplified nahAc PGR products were purified, sequenced, and 

processed through PAUP 3.1 to build a phylogenetic dendogram (Figure 3). The 

sequences of the Psedomonas spp. were analyzed with that of PpG7 (NAH7) and two 

other sequences downloaded from the Genbank. The two other sequences were that of P. 

putida NCIB 9816 (accession # M23914), which has also serves as a well studied model 

for PAH degradation, and the pah genes of P. aeruginosa (accession # D84146), which 

served as an outgroup. 

The dendogram of the nahAc allele revealed that P. fluorescens 5R (pKAl), 

Pseudomonas sp. strain DFC50 (pKA2), and Pseudomonas sp. strain DFC49 (pKA3) are 

more closely related to P. putida NCIB 9816 than to PpG7 (NAH7) (Figure 3). Complete 

homology between P. fluorescens 5R (pKAl) and P. putida NCIB 9816 was observed. 

Complete homology was also observed between Pseudomonas sp. strain DFC50 (pKA2), 

and Pseudomonas sp. strain DFC49 (pKA3), with only a single base difference between 

them and, P. fluorescens 5R (pKAl) and P. putida NCIB 9816. Since the Pseudomonas 

spp. (pKAl, pKA2, & pKA3) were all isolated from the same site, it is not surprising that 

they are closely related and showed similar patterns of gene regulation. However, the 

fact that they were more closely related to P. putida NCIB them to PpG7 (NAH7) is 

interesting. These results agree with the recent findings by Herrick et al. (1997) and 

Stuart-Keil et al. (1998) who found that the nahAc allele of isolates in the field were more 

closely related to that of P. putida NCIB 9816 than to PpG7. These results also provide 
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additional support for the differences seen in the gene expression patterns relative to 

PpG7. 

The gene cluster organization of the naphthalene genes carried by NCIB is 

different from NAH7. In fact, the operons are transcribed in opposing directions and 

there is an inserted DNA sequence near nahH of NCIB that explains some of the 

regulatory differences among NAH-like plasmids (Yen & Serdar, 1988). It is likely that 

many of the NAH-like plasmids characterized are closely related and share a common 

ancestor (Schell, 1990). However, genetic variations in these plasmids may point to the 

evolution of these genes and have direct implications for understanding the evolution of 

other degradative plasmids. Herrick et al., (1997) found that the nahAc gene was 

distributed between plasmids of different sizes and a chromosome, suggesting further 

genetic rearrangements after horizontal gene transfer. More recently, Roelof van der 

Meer et al. (1998) showed that the evolution of a pathway for chlorobenzene metabolism 

within a contaminated site was due to horizontal gene transfer and genetic recombination. 

Sousa et al., (1997) found differences in the expression of the nah genes of NAH7 was a 

function of placement on the chromosome in Escherichia coli. All of these studies 

suggest that chromosomal positioning is one possible mechanism for modulation of gene 

expression to optimize activity and adapt to environmental changes. These studies 

demonstrate the need to understand the gene expression of these evolving pathways, 

which could be used to optimize remediation efforts. 

Take for example the pathogenicity islands foimd in pathogens. A pathogenicity 
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island (PAI) is a large, sometimes unstable chromosomal locus harboring clusters of 

virulence genes. The presence of a PAI is associated with a highly pathogenic phenotype. 

These loci are often inserted in the vicinity of tRNA genes or flanked by insertion 

sequences and have a different G + C make up than the surrounding genome. These 

characteristics have suggested that PAIs may be transferred between bacteria by 

transducing phages (Hensel et al., 1997). Although it has yet to be evaluated, it does 

seem likely that bacteria could harbor similar bioremediation or biodegradative islands. 

Little is known about phage gene transfer in a degradative or soil setting, however our 

knowledge on plasmid related gene transfer is promising. The evolutionary relationships 

shown in this and other studies could be used to fxuther understand the ecology of gene 

transfer and the factors that would effect the ultimate performance of the transferred 

genotype. 

Summary. 
Only recently has the combination of molecular biology and microbial ecology allowed 

investigators to address questions of gene activity and evolution in the environment. In 

this study the naphthalene degradation genes on the NAH7 plasmid were compared with 

other Pseudomonas spp. carrying NAH-like plasmids. In addition to their overall genetic 

distinction, differences in the gene expression patterns of their nahAc allele were 

observed relative to that of the knovra PpG7. These differences were explained by their 

evolutionary closeness to P. putida NCIB. Such evolutionary understanding among 

microorganisms that are capable of degrading a wide variety of recalcitrant organics will 
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allow a better understanding of the way genes have evolved and function in the 

environment. 
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Figures 

Figure 1 - ERIC PCR fingerprints of the naphthalene degrading Pseudomonas isolates. 
Lane 1; 123 bp ladder, Lane 2 & 3 PpG7, Lane 4 & 5; P. fluoresence 5R, Lane 6 & 7; 
Pseudomonas sp. strain DFC50, Lane 8 & 9; Pseudomonas sp. strain DFC49, Lane 10; 
negative control. 

Figure 2 - Salicylate Degradation curves of Pseudomonas spp.. 

Figure 3 - mRNA was detected by RT-PCR in conjunction with salicylate degradation. 
(A) This gel shows the results of RT-PCR mRNA detection of the 701 bp nahAc gene 
from pseudomonas sp. DFC50 (pKA3) in the presence of 500mg/L of salicylate. Lane 1-
123 bp ladder. Lane 2 - T = 0, Lane 3 - T = 17, Lane 4 - T= 24, Lane 5 - T = 30, Lane 6 -
T = 41, Lane 7 - T = 45, and Lane 8 - T = neg. control. (B) This gel shows the results of 
RT-PCR mRNA detection of the 579 bp rpoD housekeeping gene from pseudomonas sp. 
DFC50 (pKA3) in the presence of 500 mg/L of salicylate. Lane 1- 123 bp ladder. Lane 2 
- T = 0, Lane 3 - T = 17, Lane 4 - T= 24, Lane 5 - T = 30, Lane 6 - T = 41, and Lane 7 - T 
= 45. Appropriate controls were run, data not shown. 

Figure 4 - Qualitative detection of nahAc mRNA to rpoD mRNA over time. nahAc is 
detectable during active salicylate degradation, while rpoD is detectable over the entire 
experiment. 

Figure 5 - Dendogram showing relationships between isolates from the comparison of 
nahAc sequences. The dendogram was constructed using sequences obtained by direct 
DNA sequencing and using published nucleic acid sequences processed through 
PAUP3.1. The DNA sequences used include; P. fluoresence 5R (pKAl), Pseudomonas 
sp. strain DFC50 (pKA2), Pseudomonas sp. strain DFC49 (pKA3), P. putida (NAH7) 
(acession # M83949), P. putida NCIB9816 (accession # M83950), & P. aerginosa pah 
genes (accession # D84146). 



Table 1, Pseudomoans spp. used in this study 
Strain Plasmid Source 
P. putida NAH7 Dunn, 1973 
P. fluorescens 5R pKAl King,1990 
P. sp. strain DFC49 pKA2 Sanseverino, 1993 
P. sp. strain DFC50 pKA3 Sanseverino, 1993 
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Figure 1. 
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Figure 4. Qualitative Detection of nahAc mRNA to TpoD mRNA Over Time 
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