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EXECUTIVE SUMMARY

The focus of this investigation was to develop a greater understanding of the molecular
micrdbiology relationship to bioremediation of persistent hydrophobic organic pollutants in the
environment. Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)
were used as the primary models for significant classes of aromatic and chlofbaromatic
contaminates primarily associated with antropogenic environmental pollution. Both groups of
contaminates share import similar physical-chemical environmental characteristics and represent
significant environmental health hazards.

Microbiologically, two primary model systems were exploited at the molecular level to
expand our understanding of the environmental relationship between biodegradative gene
abundance and chemical contaminant biodegradation. These mode] genetic systems were the
naphthalene (NAH7-like) biodegradative plasmids often associated with bacteria of the genus
Pseudomonas and the pSS50 plasmids associated with chlorobiphenyl degradation and found
commonly to occur in Alcaligenes eutrophus.

Investigations were thus conducted to evaluate the true environmental significance of
these organisms and plasmid encoded genetic systems for biodegradation, and to test the
hypotheses that 1) these genes are positively correlated with the éontaminated environments, and
2) that information on environmental genetics and biochemistry of these biodegradative
pathways can be extended to other chemical contaminates within each pollutant class. To
conduct this research molecular tools were refined, modified and developed for more direct and

specific environmental analysis. These tools included the extensive use of DNA/RNA extraction
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and probiﬁg techniques, messenger RNA analysis, and Jux gene transcriptional fusion systems to
create in situ bioluminescent reporters of environmental biodegradation.

The results of this investigation aemonstrate quantitatively that biodegradative genes
associated with the well characterized naphthalene dioxygenase plasmid encoded pathway are
well distributed in the environment at a level of 1% of the population in uncontaminated soils.
Soil with a history of PAH contamination not only maintain much higher concentration of (100
times) of organisms harboring these genes but that their proportional abundance can increased to
greater than 90% in the population due to long term selection and growth. These genes are
physiological active, as measured by mRNA analysis and bioluminescent sensing, in a variety of
environments comprised of mixed contaminants including jet fuels.

In addition to the environmental distribution and activity of these genes for naphthalene
degradation, both new and confirmatory information was obtained demonstrating that many
enzymes of the plasmid encoded genes are also responsible for degradation of other, perhaps
more problematic, PAHs. These secondary substrates which may not support bacterial growth
can be broken down through similar pathway. These substrates include anthracene,
dibenzofuran, fluorene, phenanthrene, and dibenzo-p-dioxin.

For chlorobiphenyls, colony hyBridization of plasmid pSS50 with other known bph genes
exhibited a different genetic characteristic (DNA sequence) from the known biphenyl/PCB
degrading bacteria. A great diversity of degradative capabilities were observed in plasmid pSS50 -
for degradation of PCB congeners (Aroclor 1242) and other chlorinated pesticides. These
compounds include both isomers (p,p’- and o,p’-) of DDT, DDE, and DDD; and chlorobenzilate,

dicofol (kelthane), hexachlorophene, etc. The results of biochemical pathways (metabolites)
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study on the PAHSs and chlorinated compounds indicated the existence of common degradation
pathway(s) shared between bacteria for the degradation of organic pollutants.

These investigations led to major developments and improvements of /ux gene
bioluminescent reporter technology. This technology permits the development of bacterial
strains which act as whole cell biosensor emitting bioluminescent light to indicate that 1) specific
pollutants are present in the environment, 2) that the pollutants are bioavailable for
biodegradation, and 3) that the immediate environment is permissive (not too toxic) for
biodegradation to occur. In addition to Jux sensors for naphthalene (PAHs) /ux technology was
also developed for toluene/TCE degradation and initiated for PCB degradation. In the case of the
Iux naphthalene and toluene biosensors, these organisms were shown functional in a variety of
environmental matrices.

The results of this investigation can be extended to improving the predictability,
performance and understanding the dynamic of natural or engineered bioremediation. New
bacterial strains were also recovered that have different or alternated biochemistries for
degradation of the test pollutants. These strains may permit further expansion of molecular
probes for evaluating environmental biodegradation and for improving biodegradation

performance in bioremediation.




1. INTRODUCTION

Microbial degradation of environmental pollutants has been studied extensively at the
biochemijcal and molecular biological levels. Many pollutants are not of bi;)synthetic origin but
derived from either pyrolysis of organic materials, e.g., aromatic hydrocarbons (Gibson, 1977),
or are man-made chemical, e.g., chlorinated compounds. Several excellent reviews have been
done during the last decade that describe microbial biodegradative capacity and mechanisms
(Gibson, 1984b; Gunsalus, 1985; Timmis, 1985; Dagley, 1986; Frantz, 1986; Rochkind, 1987,
Reineke, 1988; Commandeur, 1990; Smith, 1990; Chaudhry, 1991; Cerniglia, 1992; van der
Meer, 1992; Furukawa, 1994a; Janssen, 1994; Layton, 1994; Singleton, 1994; Williams, 1994).
Since that time a significant number of catabolic genes have been isolated and characterized from
various bacteria, and have been reviewed previously (Sayler, 1989, 1990; Wallace, 1992). An
updated list of recent studies on bacterial genes involved in degradation of environmental
pollutants is given in Table 1. This table illustrates a wide variety of microorganisms
participating in degradation of a broad number of environmental pollutants. The soil bacterium,
Pseudomonas, still plays a major role on the biodegradation task among the known bacteria.

The biodegradation of naphthalene has been well studied; both the biochemical pathway
and genetic characterization among the polycyclic aromatic hydrocafbons (PAHSs) and has been
thoroughly reviewed previously (Gibson, 1984b; Yen, 1988; Schell, 1990). The strain

Pseudomonas putida PpG7 contains the NAH7 plasmid that encodes the genes for the

~ degradative pathway of naphthalene (Figure 1). The catabolic genes in the NAH7 plasmid are

organized into two operons, nah and sal, which are controlled by a positive regulator gene, nahR.
It is important to note that the induction of these operons is controlled by the metabolite,

salicylate, and by the product of the regulatory gene (nahR; Yen, 1982; 1985).

1
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Figure 1. Naphthalene degradation pathway used by P. putida PpG7 encoded by the NAH7
plasmid.

Microbial degradation of other PAHs has been demonstrated for a number of bacteria
(Gibson, 1984a; Dagley, 1986). It has also been demonstrated that the naphthalene plasmids,

pKA1 and NAH7, mediate the catabolism of other PAH, i.e., phenanthrene and anthracene




(Menn, 1993; Sanse-verino, 1993a), and perhaps initial oxidation of some other higher molecular
weight PAHs. |

Bioavailability and biodegradation of pollutants are important issues in predicting the
bioremediation potential of contaminated environments. Ways to continuously monitor these
two processes have been difficult. While bioavailability and biodegradation of compounds can
influence specific gene expression, the two tasks have often been detected ex situ using
laboratory techniques. However, these techniques may be impractical for real-time monitoring
of the two processes. Genetic manipulation of biodegradative operons has resulted in the
creation of easily detectable phenotypes (reporters), that can be useful in the continuos
monitoring of bioavailability and biodegradation. Such altered genes and the bacteria harboring
them are called reporters and bioreporters, respectively.

Bioluminescent genes, luxCDABE, are classical example of reporter genes used in the
genetic manipulation of other genes (Shaw, 1988). Luciferase enzyme encoded by the /ux genes
is responsible for the bioluminescent phenotype. Genetic modification of a biodegradative gene
promoter by fusion of the promoterless Jux genes result in a bioluminescent bioreporter. When
expressed, the bioreporter gene produces light that can be easily detected and continuously
monitored with optical devices. Bioluminescent bioreporters constructed in this manner have
been investigated in laboratory conditions for the monitoring of expression of biodegradative
genes.

Molecular genetic studies on the luminous marine bacteria Vibrio fischeri, paved the way
for the development of bioluminescent bioreporters. To date, there are a handful of

bioluminescent biorepofters capable of detecting specific xenobiotics and heavy metals (Table




2). The first catabolic bioreporters, Pseudomonasﬂuorescens HK44 and Pseudomonas sp.
RB13_51, were constructed employing /ux genes to detect the bioavailability and degradation of
naphthalene (King, 1990 , Burlage, 1990). These bacteria produce light in the presence of either
naphthalene or its catabolic intermediate, salicylate. The strain HK44 harbors a NAH7-like
plasmid encoding the degradation of naphthalene to salicylate, the latter being mineralized
through chromosomally encoded pathway.

Pseudomonas fluorescens HK44, a bioreporter, demonstrated the sensitivity, specificity,
and applicability to detect a particular pollutant in environmental conditions at low
concentrations. It was able to detect 45 ppb of naphthalene, which may not be the lower limit
(Heitzer, 1992; 1994). In the studies conducted in bioreactors, the strain also exhibited the
rapidity and inducibility of the luciferase enzyme system to response naphthalene concentration
when perturbed feed method was applied (King, 1990). These studies ascertained the potential
scope of application of HK44 in environmental systems requiring iz situ or on-line monitoring of
naphthalene bioavailability and biodegradation.

The bioluminescent bacteria are potential candidates for biosenor technology. In
conjunction with sensitive, powerful, light amplifying and light collecting devices, the bacteria
can be deployed in the 1) rapid detection of gene expression, 2) monitoring of bioavailability and
biodegradation of pollutants, 3) investigation of factors affecting environmental processes, 4) and
to study the fate and impact of genetically modified microorganisms released into the
environment.

This study was a continuation work of a previous research grant, molecular ecology of
bacterial populations in environmental hazardous chemical control (USAF Contract # F49620-

89-C-0023). The general goals for this investigation were to develop new bioluminescent
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reporter bacterial strains and to apply these molecular tools to determine optimal and sustainable
biodegradation of environmental pollutants under field or bioreactor conductors. In addition, this
study was also focused on the NAH degradation éystem and use as a primarily model for
studying the degradation of other higher molecular weight PAHs. The biodegradation of
chlorinated compounds was also examined in current work. The specific objectives of this _
investigation were described as:

(1) Continuation of development new bioluminescent reporter strains for real-time
monitoring bioavailability and in situ bioremediation process(s) of environmental
pollutants.

(2) Determination of correlation between light induction and biodegradative capabilities
in the bioluminescent reporter system.

(3) Evaluation of the molecular and environmental stability of genetically-engineered
microorganisms (GEMs) - bioreporter strain..

(4) Elucidation of the diversity of bacterial degradative capabilities on the degradation of
PAHs and chlorinated compounds by a NAH plasmid and a bph genes,
respectively.

(5) Illustration of a diverse naphthalene catabolic pathway by Burkholderia cepacia

strain JS150.

2. MATERIALS AND METHODS
2.1 Bacteria and Media. The following isolates, SR, SRL, DFC49, DFC50, HK44, and

A5 were isolated previously and selected to be used in the study. Two strains, PpG7 and




PB2440, were used in the control experiment. The properties of these strains are summarized in

the Table 3.

Table 3. Characteristic of selected bacterial strains used in more detailed analysis for this study.

Strains Plasmid M.W. Phenotype
E.coli DF1020 pRK2013 - Amp", Km®, Tra*

E. coli DH5 pDTG514 2.7kb Amp®

E. coli HB101 pUCD615 - Amp®, Km®

A. eutrophus A5 pSS50 50.9 kb 4-CB-,4-CBA*

P. fluorescens SR pKAl 101 kb Nah*,Phet,Ant*

P. fluorescens SRL pUTK21 116 kb Naht,Sal-

P. fluorescens 18H multiple - PSI-, Nah-,Sal*

P. fluorescens HK44 pUTK21 116 kb Nah*,Sal*

P. putida B2 pUTK30 - Amp", Km®, Tod*, Lux*
P. putida F1 N/A - Tod*

P. putida G7 NAH7 83 kb Nah*,Phe*,Ant™

P. putida PB2440 N/A N/A PSI-, Nah~,Phe,Ant
P. putida RB1351 pUTK9 - PSI-, Naht,Sal*, Lux*

Nah: naphthalene; Phe: phenanthrene; Ant: anthracene; Sal: salicylate; 4-CB: 4-chlorobiphenyl;
4-CBA: 4-chlorobenzoate.
N/A: Not applicable.

Bacteria were routinely isolated and cultivated on a full or 1/4 strength yeast extract-
peptone-glucose agar (YEPG) medium containing (g/L): 0.2 of yeast extract, 2.0 of polypeptone,
1.0 of glucose and 0.2 of NH,NO; (pH 7.0). Additional complex media used included: yeast
extract-peptone-salicylate-succinate medium (YEPSS, used for inducing naphthalene degrading
bacteria); Luria brothj (LB) medium, and Pseudomonas isolation medium (Difco). Agar plates
were made by adding 1.5% (w/v) Bacto-agar (Difco) and antibiotics were included as necessary.
A minimal medium for sole carbon growth studies was also used. The minimal medium

consisted of (g/1): KH,POy, 0.68; K,HPOy, 1.73; MgS0,.7H,0, 0.1; NH,NO;, 1.0, and 0.1 ml of
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a mineral salts solution (20). Minerél salts buffer (pH 7.0)‘ used in the plate count procedure was
composed of (g/1): NaNO;, 4.0; KH,PO,, 1.5; FeCl; 6H,0, 0.005 ; MgS0O, 7H,0, 0.2;
CaC1‘2‘2szO, 0.01; Na,HPO,, 0.5. |

The minimal salts medium supplemented with 0.005% yeast extract (MSY) was used in
the experiment for measuring “C-DDT mineralization. The minimal salts (basal salts) media
consisted of 4.0 g NaNO;, 1.5 g KH,POy,, 0.005 g FeCl;, 0.2 g MgSO,, 0.01 g CaCly, 0.5 g
Na,HPO, in 1 L distilled water (pH 7.0).

2.2 Chemicals. All chemicals used in this investigation were purchased highest grade
commercial available and used without further purification unless other specified.

2.3 Soil Samples. Soils used in this investigation were original obtained from
manufactured gas plant sites and were heavily contaminated with naphthalene and higher
molecular weight polyaromatic hydrocarbons (PAHs). The six PAHs-contaminated soils were
designated A through E, and N, and one creosote-contaminated soil was designated as G were
used in this study. The characterizations of soils are listed previously (Sanseverino, 1993b). The
properties of soils are described by Cushey et al. (1990). The Etowah and Pamlico soils were
used as uncontaminated controls. All soils were stored at 4°C until used.

2.4 Phenotypic Characterization of PAH-Degraders. The bacteria in the collection
were originally isolated from the soils as described in the above Section, and following methods
were used for phenotypic characterization: spray plate, mineralization, and indigo test. The
collection was stored at -70 °C before use.

2.4.1 PAH spray plate assay. The PAH spray plate method (Kiyohara, 1982) was

employed to test the PAH degradative ability of isolates in the collection. The PAHSs used in the

11




spray plate methods were phenanthrene; fluorene, anthracene, pyrene, and Benzo[a]pyrene.
Bacterial colonies were pre-grown on YEPG.agar plates and then sprayed with a 1% (w/v) PAH
dissolved in acetone. After evaporating the acetone by placing the plajtes in the hood for 1
minute, the plates were placed in plastic bags and incubated up to 3 weeks and were observed
daily. Colonies producing clear zones by the solubilization and degradation of the PAH were
scored positive. Pseudomonas putida PB2440 (Bagdasarian, 1981) was used as a negative
control. Only acetone without dissolved PAHs was used for an additional negative control.

2.4.2 Indigo test. The indigo test was used to examine dioxygenase as described
previously (Ensley, 1983). Dioxygenase activity of each isolate was examined by exposure to
indole vapor. Bacterial colonies were pre-grown on YEPG agar plates, and then indole crystals
were placed on the lid of the petri dish. After 1 day of incubation at room temperature, colonies
that produced a blue color were scored positive. P. putida PB2440 was used as a negative
control.

2.4.3 DNA hybridization. Gene probing was used to determine if the isolates contained
NAH7-like catabolic genes. All DNA hybridizations were performed as previously described
(Sanseverino, 1993b, Church, 1984), and P. putida PB2440 and P. putida G7 (NAH7) (Dunn,
1973) were used as negative and positive cohtrols, respectively. DNA was blotted on nylon
filters. The filters were then baked at 80°C for 1 h and stored at room temperature until use. One
buffer (0.5 M NaH,POy4, 1 mM EDTA, and 7% sodium dodecyl sulfate; pH 7.2) was used for
prehybridization and hybridization at 65 °C.v Washing of filters were carried out at 65°C.

Colony hybridization was performed using NAH7-derived gene probes, nah4, nahG, and

nahH probes. The negative results of colony hybridization were further confirmed by isolating
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the total genomic DNA from bacterié then subjected to slot blot hybridization using the same
probes. To, The slot blof ﬁltet was further rehybridized with a 32P-labeled 23S rRNA gene probe
(Festl, 1986) to verify the availability of DNA on :the filter. All procedures; prehybridization,
hybridization, and Washing; were performed under low-stringency conditions at 45°C.

Thermal Cycler PCR amplification (Perkin Elmer Cetus) was used to obtain NAH7-
derived gene probes: nahA (encoding naphthalene dioxygenase), nahG (encoding salicylate
hydroxylase), and nahH (encoding catechol-2,3-dioxygenase) probes. NAH7 plasmid was
purified by CsCI-EtBr density gradient ultracentrifugation for probe preparation. The amplified
products were then detected by using 1% agarose gel electrophoresis. Radiolabeled 32p_.DNA
probes were generated by asymmetric amplification using only one primer to generate single
stranded radiolabeled probes. 32P-dCTP was used for the labeling. The labeled probes were
purified using a NucTrap Push Column (Stratagene, La Jolla, Ca.). The specific activities of the
probes were quantified by a Beckman model LS 5000 liquid scintillation counter. Specific
activity of the labeled probes was approximately 108 disintegration per minutes (dpm) mg-! of
DNA.

2.5 Mineralization Assay. PAH mineralization was used in screening the culture
collection by measuring‘ conversion of 14C-PAH to 14CO,. All procedures used in this study
were described in previously papers (Sanseverino, 1993a; 1993b). The following e
radiolabelled PAHs were used in this investigation: [U-14Clanthracene (uniformly, 15.0
mCi/mmol; purity >98%); [7,10-14C]benzo[a]pyrene (60 mCi/mmol; purity >98%) and [7-
14C]benzo[a]pyrene (58.6 mCi/mmol; purity >99%); [1-14C]naphthalene (10.1 mCi/mmol; purity

>98%); [9-14C]phenanthrene (10.4 mCi/mmol; purity >99%); and [4,5,9,10-14C]pyrene (10.4
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mCi/mmol; purity >98%). All the 14C-labeled PAHs were purchased from Sigma Chemical
Corp. (St. Louis, MO) exéept 14C-benzo[a]pyrene was obtained from Amersham (Arlington
Heights, I11). The experir:nent was carried out in 25 ml EPA vials (Pierce Chemical Co., |
Rockford, I11) with teflon/silicone septa (Pierce) and 8 ml glass vials placed within the larger
vials. Each strain/PAH combination was performed in triplicate plus a killed control. The killed
control consisted of adding 0.5 ml of 2 N sulfuric acid at the start of the experiment. The
radioactivity was measured using the scintillation counter described previously.

14C-DDT mineralization experiments were performed in duplicate as described
previously (Nadeau, 1994). [U-14C]DDT (291 mCi/mg; purity >99.9%) was added at a final
concentration of 1 ppm and was purchased from Amersham (Arlington Heights, Ill). The
radiolabeled purity was further confirmed by a HPLC system equipped with a Radioactive Flow
Detector (FLO-ONE\beta, Radiomatic Instruments and Chemical Co., Inc; Tampa, FL).
Analysis of 14C-DDT degradative products was conducted by using TLC technique. 14C-DDT
and metabolites analyzed by TLC were separated by a hexane:ethanol (75:25) solvent system,
and detected and quantitated with a Bioscan Imaging Scanner System 2000 with AutoChanger
1000 (Bioscan, Inc., Washington, D.C.).

2.6 Maintenance and Stability of nah-lux Reporter Plasmids and Strains.
Continuous cultivation was performed on a New Brunswick C30 chemostat with a Teflon
headplate and Teflon tubing was used for continuous cultures. Media was supplied using a FMI
peristaltic pump equipped with a Teflon head (Fluid Metering, Inc.). Cultures were aerated
continuously at 0.2 L/min and agitated at 250 rpm at 25°C. A buffered mineral salts media

'(Meynell, 1965) was used with saturating concentrations of either naphthalene or salicylate or
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glucose as indicated. Bioluminescence was measured using an Oriel Model 7070 photomultiplier
with a liquid light pipe. Bioluminescence data was collected on-line by an IBM PS/2 computer
using écquisition software written by Rod Bunn (Biological Services, University of Tennessee).

2.6.1 Strain Monitoring. Strains were routinely monitored in the chemostat by spread
plating on YEPG plate containing antibiotics. P. putida RB1351 was monitored on YEPG
containing ampicillin and kanamycin (both 50 pg/ml). P. fluorescens 5Rrif numbers were
determined by plating on YEPG containing rifampicin (50 pg/ml). P. fluorescens HK44
numbers were monitored on YEPG containing tetracycline (14 pg/ml). Culture density was
monitored spectrophotometricaly by absorbance at 595 nm. The loss of plasmid pUTKO from P.
putida RB1351 was monitored as the difference between the colony forming units on PSI and
YEPG containing ampicillin and kanamycin. Plasmid maintenance of pKA1 was monitored
using YEPG agar plates supplemented with 100 pg/ml of indole as a presumptive assay for nahA
activity (Ensley, 1983). All error bars on the graphs showing population maintenance represent
one standard deviation of the mean.

2.6.2 DNA Probing. Colonies from spread plates were blotted onto Biotrans nylon filters
(ICN Biomedicals, Inc.) The colonies were lysed and the DNA denatured with 0.2 N NaOH, and
the filters were baked at 80°C for 1 hr. All filters were prehybridiied using the method of
Church and Gilbert (1984). Colony blots were probed with single stranded 32P-lux4B specific
DNA. Probe was generated using the polymerase chain reaction (PCR). Previously published
sequences (Baldwin, 1989) were used to design the oligonucleotides for the sense strand 5'-
GGGGGTTGTTATTCCAACAGC-3' and the opposite strand 5'-GTCATCATGAGACC-

CTACTGC-3' (Genosys Biotechnologies, Inc.). The plasmid pUCD623 (Shaw, 1988) was used
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to obtain vector free double stranded template DNA. This double stranded template was used
along with one of the oligonucleotides and 32p_adCTP to produce single stranded probe. All
hybridizations and washings were done at high stringency. Positive signals were detected using
autoradiography.

2.6.3 Plasmid Isolation and Analysis. The molecular stability of reporter plasmids was
determined by restriction profiles. Colonies were randomly picked from chemostat culture
platings and subject to mini-prep plasmid isolation. The mini-prep procedure was a modification
of the Promega protocol (Technical Bulletin #009). The resulting plasmid DNA was of
sufficient purity for restriction endonuclease digestion. The plasmid preparations were treated
with the endonuclease BamH1. The DNA fragments were resolved on a 0.8% vertical agarose
gel and visualized by staining with ethidium bromide.

2.6.4 Substrate Monitoring. Chemostat samples were analyzed for parent compound and
metabolites by HPLC. A 3 ml aliquot of each sample was extracted against an equal volume of
hexane-isopropanol (4:1). The extract was analyzed by HPLC (Perkin-Elmer series 410) with a
C18 column using UV detection at 254 nm. The mobile phase was methanol:water (85:15) at 1.5
ml/min. This procedure could resolve the test compounds and metabolites.

2.6.5 Statistics. All error bars on graphs indicating bacterial populations represent one
standard deviation of the mean of triplicate platings from duplicate dilutions series. Error bars on
graphs indicating the ratio of plasmid-bearing and plasmid-free populations represent

propagation of error analysis as shown in the following method,
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where Sy is the absolute standard deviation, y is the mean quotient, and Sq anci sp are the relative
standard deviations of the means a and 4 (Skoog, 1986). |

2.7 Bioluminescence Assay. Bioluminescence measurements were conducted on-line as
described in previously (Heitzer, 1992; 1994). Strain P. fluorescens HK44 was used in this
study. Data were stored autométically on a personal computer for on-line measurement
experiments and the software program was written by Rod Bunn (University of Tennessee). For
perturbation experiments, baseline bioluminescence in the absence of an inducer was subtract
prior to log transformation and further analysis data. The light output of the culture was
measured in 15-min intervals with an Oriel digital display (model 7070), an Oriel
photomultiplier (model 77340), and a liquid light cable. The light readouts were obtained as an
amperometric signal and are presented in nanoamperes.

Salicylate and naphthalene solutions were prepared in buffered mineral salts medium and
used for bioavailability. study.. The experiments were conducted as two independent sets of three
experiments each. For the salicylate and naphthalene standard curves, all the values were
corrected for the light output of the control without an inducing substrate. The corresponding
standard deviations were calculated by taking the error propagation infco account.

Saturated naphthalene sterile solution (approximately 31 mg) and salicylaté sterile
solution (10 mg/1) were used as waste stream solutions in on-line monitoring studies. The total
liquid volume of the biosensor that used in this study Was 1.5 ml and described préviously
(Heitzer, 1994). Two HPLC pumps were used for deliver medium and waste streém solutions or
water at a flow rate of 2.5 ml/min, resulting in a constant total flow rate of 5 ml/m.in.

Experiments were conducted at a constant, controlled temperature of 25 °C and at pH 7.
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2.8 Construction of tod;lux Reporter Strain. Pseudomonas putida F1 was grown on a
YEPG medium at 28°C. E. coli transformants were screened on LB plates containing ampicillin
(50 ng/ -ml). Transconjugants were screened on pseudomonas isolation agar containing
kanamycin (50 pg/ ml) and toluene vapor. One liter cultures of E. coli DH5 alpha harboring the
Aappropriate plasmid were harvested and plasmid DNA was isolated using a médiﬁed alkaline
lysis procedure (Maniatis, 1982). The plasmid DNA was then subjected to CsCl density gradient
purification, followed by butanol extraction and ethanol precipitation (Maniatis, 1982). Plasmid
DNA was resuspended in TE buffer (10 mM tris, | mM EDTA) and stored at 4°C until use.
Restriction enzymes and T4 ligase were obtained from GIBCO BRL (Gaithersburg, MD) and
used according to manufacturers protocols. Cloning techniques were performed as outlined in
Manniatis et al (1982). Transformations were performed using subcloning efficiency competent
cells purchased from GIBCO BRL according to manufacturers protocol. Mini preps of
transformants were performed as described previously (Holmes, 1981).

Triparental matings were carried out using a modified version of the filter technique.
Pure cultures of donor (JBF-7), Helper (2013), and Recipient (F-1) were grown to an OD546 of
approximately 1.0 in LB broth with selective pressure. Cells were harvested by centrifugation at
8,000 rpm for 10 min. The pellets were resuspended and washed tilree times in 100 ml 50 mM
KH2PO4, after which they were resuspended in 50 ml KH2PO4. A PC membrane (47mm X 1.0
um) was placed on a non-selective (LB) agar plate and the three stfains were mixed using a ratio
of 2:1:1 (Donor:Helper:Recipient). The mixtures were incubated overnight and the filter was
then removed and washed in 1.5 ml of 50 mM KH2PO4. A serial dilution was carried out and

dilutions were plated on LB Km?>0 plates and incubated for approximately 48 hours.
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Exconjugants were thén expoéed to toluene vapor and those which produced light were selected
for further characterization.'

2.9 Co-Oxidation of TCE by fod-lux Repo:rter Strain B2. The strain B2 was grown in
a liter LB broth to an ODg(0 of 1. The cells were then centrifuged at 6000xg for ten minutes and
washed in 0.9% NaCl. The final wash was resuspended in 120 ml of an alginic acid solution.
Next the cell-alginate suspension was placed in a 60 ml syringe, forced through a 25 gauge
needle, and allowed to drop into a 0.5 M CaCly solution. The alginate was cross linked by the
Ca ions, thus encapsulating the cells. The cells were then placed in a fresh solution of CaCl, and
allowed to sit for 30 minutes prior to use.

A differential volume reactor (DVR) system was designed to simulate a section of an
ideal plug flow reactor. A complete description of this reactor can be found in previously paper
(Webb, 1991). In this investigation, a system was designed incorporating the DVR as illustrated
in Figure 2. The system was equipped with three Millipore stainless steel substrate containers
rated to 690 kPa. The feed from the substrate vessels to the reactor inlet was controlled by two
Gilson 301 HPLC pumps. The substrate vessels were pressurized with either oxygen or air to
provide the system with an electron acceptor. All medium vessels contained trace mineral
medium (Lackey, 1993; Menn, 1991) with the addition of 3 mg/L pyruvic acid and a 0.1 M
solution of trizma base kept at a pH = 7.0. In addition to medium, the different vessels contained
either TCE, toluene, or no Vextra carbon source. The reactor effluent entered a 5 inch stripping
column that was packed with 3 mm glass beads to provide adequate surface area for the volatile
separation process. The volatiles were stripped with helium, the GC carrier gas, in a concurrent

fashion through the stripper. The outlet of the stripping column was attached directly to a gas
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Figure 2. Schematic diagram of on-line system used to monitor the cometabolism of TCE.

chromatograph (Packard 5890 Series II) with an electron capture detector (ECD) by a heated
sample line maintained at 75°C. Automatic injections (25 ul sample loop) were made on the GC

by a computerized control process (Hewlett Packard computer, HP Chem Station software). The
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GC was equipped with a cross-linked methyl silicone capillary column (internal diameter of 0.2
-mm, 0.33 pm film thickness) while the oven temperature was operated isothermally at 60°C.
Other operating parametjers include an injection temperature of ISQ°C, the detector temper;ﬂure
of 200°C, and a split ratio was set at 10:1. This system was equipped with a bypass line around
the reactor in order to calibrate the stripping column. Liquid sampling ports for measuring
oxygen concentration were available on the inlet and outlet lines of the system. Gas sampling
ports for measuring inlet and effluent toluene concentrations were available. Toluene samples
were analyzed using a Schimadzu GC-9A gas chromatograph equipped with a 2.44 m, 3.2 mm
diameter Poropak N packed column and a flame ionization detector. The isothermal temperature
of the oven was 210°C, and both the detector and injector temperatures were 220°C. A
photomultiplier and computer were used to collect the bioluminescence data.

2.10 Construction of Biphenyl-lux Reporter Strains. Bioluminescent reporter strains
were made by inserting portions of the biphenyl operon from a PCB degrading organisms similar
to Pseudomonas LB400 (Mondello, 1992) into a promoterless /ux operon from Vibrio fischeri
carried on a broad-host-range vector pUCD615 (Rogowsky, 1987). Two bph-lux constructs were
made from the beginning region of the biphenyl operon (Figure 3) using standard molecular
biology techniques (Sambrook, 1989). The first construct was made by cloning a 2.8 Kb EcoRI
fragment from the plasmid C14-15 (Layton, 1994) containing the bphABC genes into pUCD615

| (ORFObphA-lux). The second construct was made from a 4vrIl to Nsil deletion of ORFO
followed with a substitution with a multirestriction site fragment. From this plasmid al.5Kb
EcoRI fragment containing just the P2P1 hphA piece was cloned into pUCD615 (bphA-lux). The

~ plasmids ORFObphA-lux and bphA-lux transferred to Pseudomonas putida PB2440 with and
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without a transposon containing the PCB degrading genes (TnPCB; Lajoie, 1994). Strains were
grown overnight in PAS minimal salts medium with 60 mM sodium pyruvate as the carbon
sc;urce. The cultures were centrifuged and resuspended in PAS med-ia to a concentration of
ODygp of 0.6-0.7. Carbon sources were added to triplicate vials containing 5 ml bacterial
cultures. The vials were incubated at 25°C with shaking (100-200 rpm). Light was measured
over time using a photomultiplier. The DNA hybridization methods for the biphenyl gene probes

are described in previously (Layton, 1994).

Eco RI,1 Eco RI1,2840

Fig}ire 3. Map of 2.8 Kb region of biphenyl operon containing ORFO and bph4 and promotor
regions.

2.11 Biodegradation of PAHs and Chlorinated Compounds. Pseudomonas
fluorescens SRL exhibits a Nah*Sal~ phenotype and used in this study. The growth condition of
the bacterium and the biotransformation procedures were described previously (Menn, 1993).
The following PAHs were tested in the study: anthracene, dibenzofuran, dibenzo-p-dioxin,
fluorene, and phenanthrene. All substrates were dissolved inrDMF and added between 5 - 20 mg

per 100 ml of phosphate buffer (pH 7.5). Incubation of the substrates without strain SRL are

used as abiotic control.
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Alcaligenes eutrophus A5 was identified and characterized as a PCB-degrader previously
(Shields, 1985; Pettigrew, 1990), and was used in aerobic degradation of DDT. A 5 mM of p,p'-
DDT was used in transformation experiment z;nd carried out in mineral salts medium as
described previously (Nadeau, 1994). Biotic controls consisted of strain A5 and DMF.

In addition, some DDT structure-like pesticides were also examined by strain AS using
the method described above. The following compounds were tested in this investigation: o,p-
DDT, o,p"-DDE, p,p-DDE, 0,p-DDD, p,p"-DDD, bifenox, chlorobenzilate, dibenzo-p-dioxin,
dicofol (kelthane), hexachlorophene, methoxychlor, and perthane.

2.11.1 Analvtical Methods for Metabolite Study. The UV/Vis absorbance measurements

of the supernatants from P. fluorescens SRL and 4. eutrophus A5 cultures supplemented with
different substrates were performed usiﬁg a Beckman DU20 spectrophotometer (Fullerton, CA).
The supernatants were acidified with 2 N HCI and made to basic with 2 N NaOH. Samples were
scanned over a wavelength of 200 to 600 nm at a scanning rate of 300 nm/min.

Mass spectrometric characterization of metabolites was performed on cultures incubated
with and without different substrates. The metabolites were identified using a Hewlett-Packard
GC/MS (Palo Alto, CA; model 5995A) or a VG Trio-3 mass spectrometer, that equipped with a
Hewlett-Packard gas chromatograph (model 5890), with a 12 meter 0.25 mm BP5 capillary
column consisting of 5% diphenyl diméthyl siloxane (SGE, Austin, TX). The column
temperature parameters were set at an initial temperature of 50°C for 1 minute followed by a
10°C per minute increase to 250°C. The ionization voltage was -70 eV.

2.12 Resting Cell Assays for PCB Degradation. The range of PCB congener

metabolism by Alcaligenes eutrophus A5 was determined using a 48-hour resting cell assay with
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10 ppm Aroclor 1242 (Bedard, 1987). Bacterial cells were grown in PAS (Bedard; 1986) with .
100 ppm to an ODgy of 0.7 to 1.0. The bacterial cells were collected, centrifuged and Wéshed
two times with .05M Na—phosphéte buffer pH 7.5. The bacterial cells were resuspended in a .05
M Na-phosphate buffer pH 7.5 to an ODg, of 1.0. 3 ml of bacterial cells were placed into each
of 4 sterile EPA vials with teflon caps. 2 vials of cells were killed with 30 pl of perchloric acid.
After 10 minutes, 10 pl of a 3 mg/ml Aroclor 1242 stock solution was added to each vial. The
vials were incubated on a rotary shaker (200 rpm) at 25°C for 2 days. The bacterial cells in the
remaining 2 vials were killed with 30 pl perchloric acid. The PCBs were extracted from each
vial by first adding 3 ml of ether (nanograde, Baxter; McGraw Park,]ll) and shaking for 1 hour
on a reciprocating platform shaker. The vials were centrifuged for 10 minutes at 190 xg on a
Beckman Model TJ-6 centrifuge. A 1 ml ether sample from the upper phase was transferred to a
Teflon-capped glass tube containing 4 ml of hexane and 0.5 g silica gel (35-60 mesh). The tubes
were mixed on a vortex mixer, then shaken for 15 minutes on the reciprocating shaker, and
centrifuged for 10 min at 190 xg. The final ether-hexane extracts were transferred to glass vials
for gas chromatograph analysis.

Relative concentrations of PCB congeners were determined using a Shimadzu (Kyoto,
Japan) model GC-14A gaé chromatograph equipped with an AOC-14 autosampler and an
electron capture detector and split/splitless injector, both maintained at 300°C. An SPB-5
capillary column (30m x 0.25 mm, i.d.; Supelco, Inc.; Bellefonte, PA) was used with nifrogen as
“both the carrier (0.88 ml/min) and make-up (35 ml/min) gas. Injection of 1 pl injection.was
performed using the splitless mode. The column oven temperature was held at 40°C for 2 min,

raised to 80°C at a rate of 10°C/min, and then to 225°C at 6°C per minute and held for 45
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minutes. Individual congeners of Aroclor 1242 were quantified aﬁd identified by comparison of
congener profile with those reported by Bedard ef al (1987). The perceﬁt degradation was
calculated by n(;rmalization of the peak areas to an unmetabolized reference peak (peak 41) and |
then by comparison of the peak areas between the live cells and the killed controls.

2.13 Plasmid-Mediated Dehalogenation of 4-Chlorobenzoic Acid. The bacterial
strains Alcaligenes A5, Alcaligenes ALP83 and strain 1C1 were cultured in YEPG media or
minimal salts media with 20 mM Pyruvate and 0.01% yeast extract (Layton, 1992). Plasmid
DNA was isolated from these strains using an alkaline lysis procedure from Promega Tech
Bulliten 009 (Promega; Madison, WI). Restriction enzyme mapping was performed by standard
techniques. Gene probes were made by random-primed incorporation of digoxigenin-labelled
dUTP and detected after hybridization with a colometric enzyme linked anitibody assay as
described in the Genius kit (Boehniger Mannheim Biochemicals; Indianapolis, IN).

A chloride release assay and the detection of metabolites were used to demonstrate
dechlorination of 4-chlorobenzoic acid (4-CBA). Chloride released from 4-CBA was measured
in chloride free minimal salts buffer using an Orion expandable ion analyzer (model EA-920)
equipped with an Orion chloride-selective electrode (Layton, 1992.) Filtered supernatants from
cells groWn in 4-CBA were analyzed for the presence of 4-CBA and 4-HBA by HPLC. The
metabolites were separated on a Supelcosil LC-18 column (Supelco; Bellefonte, PA) and
detected with a photodiode array detector (model LC-235; Perkin-Elmér Corp., Groton, Conn) at

a wavelength of 255 nm (Layton, 1992).
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3. RESULT AND DISCUSSION

3.1 Analysis of Bacterial and NAH gene Distributions in Contaminated Soils.
Manufactured gas plants (MGP) generated gas from coal and oil from the mid;19th through mid-
20th century. The major waste products from the gasification process were tars and sludges that
mainly consisted by PAH. The purpose of this study was to gain the insight information of
biodegradative bacteria in the soils at the genotypic and phenotypic level in response to long
term PAH contamination.

3.1.1 Molecular Diagnostics of PAH Biodegradation in Contaminated Soils.
Traditional methods for quantifying specific catabolic bacterial populations underestimate the
true population count due to the limitations of the necessary laboratory cultivation methods.
Likewise, in situ activity is also difficult to assess in the laboratory without altering the sample
environment. To circumvent these problems and achieve a true in situ bacterial population count
and activity measurement, new methods based on molecular biological analysis of bacterial
nucleic acids were applied to soils heavily contaminated with PAHs. In addition, a naphthalene-
lux reporter system was used to determine bioavailability of naphthalene within these soils.

The summary of the bacterial populations in the contaminated and control soils is shown
in Table 4. Among total heterotrophic bacterial populations obtained from teét, 2.3t061.9%
were nahA positive as determined by colony hybridization. DNA extracted from seven PAH-
contaminated soils and hybridized with the nah4 geﬁe probe indicated that the naphthalene
degradative genes were present in all samples in the range of 0.06 to 0.95 ng/100 ml DNA
extract which was calculated to represent 3.2 x 106 to 1.1 x 1010 cells/g soil (assuming one copy

of these genes per cell). Messenger RNA transcripts of nah4 were isolated and quantiﬁed from 4
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soils. Only one soil tested, soil B, was inducible with salicylate above the in situ nahA4 gene
transcript level. Two of the soils, C and G, were already fully induced in situ. Naphthalene was
bioavailable in soils A, D, E, G, and N as determined by a bioluminescent response from the

naphthalene-/ux reporter system.

Table 4. Comparative bacterial population density among PAH-contaminated and control soils.

Total bacterial nahA population density
population

Soil plate counts Colony hybridization® Estimate by DNA extraction”
A 5.6+0.8x106 1.3:0.4x106 0.8-2.8x108
B 2.2+0.3x106 5.940.8x105 -
C 1.2+0.2x108 3.3+0.5%106 0.6-2.4x108
D 7.8+1.7x100 2.1£0.5%10° 0.2-1.3x107
E 1.0+0.3x107 <2.0x106 1.0-3.6x108
G 2.1+0.4x108 1.3£0.3x108 0.3-1.1x1010
N 3.1+0.5x108 7.1+1.8x106 1.0-5.6x107
Etowah 1.8+0.1x107 <3.0x105 ND*
Pamlico® 7.1£2.0x106 <3.0x105 ND

2 Colony forming units/gram soil.
Number of cells/gram soil.

C

o

ND - not determined.

[¢]

Control soils.

DNA was unable to extract for unknown reason.

Analysis of slot blots of the isolated DNA revealed that nah4 genotype was present in

each contaminated soil except soil B. A positive correlation (r = 0.71) existed between the

naphthalene-degrading bacterial populations determined by direct DNA extraction and colony

hybridization (Sanseverino, 1993b).. The relationship between the total heterotrophic bacterial

population and the naphthalene-degrading bacterial population with average total soil

naphthalene is shown in Figure 4. A second-order correlation existed between the naphthalene-
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degrading pdpulation as determined by colony hybridization (r = 0.95) and by direct soil DNA
extraction (r = 0.96; excludes soil E) with total soil naphthalene. Exponential increases in
bacterial density occurred when the total soil naphthalene content reached approximately 100
mg/kg soil. Taken together, these data provided information on selection of naphthalene-
degrading bacterial population in situ and what approaches would be necessary to increase

activity.
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Figure 4. Comparison of the total heterotrophic and nah” naphthalene-degrading bacterial
populations as a function of the total soil naphthalene concentration. Naphthalene-degrading
bacterial population measurements were by colony hybridization (O; r = 0.950) and direct soil
extraction ( ; r = 0.96; soil E excluded from correlation). Total heterotrophic bacterial population

V).

3.1.2 Phenotypic Characterization of PAH-Degraders in Contaminated Soils. The
results of the phehotypic tests suggested that the PAH degraders in the MGP soils exhibited

multiple phenotypes in terms of PAH degradation and showed in Table 5. Among 141 tested
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strains, 59 strains were randomly selected strains subjected to the 14C-naphthalene mineralization

test. The majority of the naphthalene degraders from the MGP soils were able to degrade 3-ring

Table 5. Multiple phenotypes of PAH-degraders isolated from contaminated soils.

Assay (positive strains/tested strains) Phenotype Number of Strains
Mineralization
"C-Naphthalene (27/59) Nah'Phn" 6 ( 22)°
Nah'Phn ' Flu" 13 ( 48)
Nah'Phn"  Ant’ 1 ( 4
Nah"Phn'Flu"Ant” 5 ( 19)
Nah"Phn'Flu"Ant Pyr” 2 (D
Spray Plate
Anthracene (13/141) Ant'Phn” 5 ( 38)
Ant'Phn’Flu" 5 ( 38)
AntPhn'Flu'Pyr’ 3 ( 23)
Benzo[a]pyrene (0/141) N/A 0
Fluorene (35/141) Flu" 6 ( 17)
Flu'Phn" 22 ( 63)
Flu'PhnAnt” 4 (11) .
Flu'Phn’ Ant Pyr 3 ( 9
Phenanthrene (83/141) Phn’ 50 ( 60)
Phn'Flu" 21 ( 25)
Phn"  Ant 4 ( 5)
Phn Flu"Ant” 5 ( 6)
Phn'Flu"Ant Pyr" 3 ( 4
Pyrene (3/141) Pyr Phn'Flu'Nah"Ant" 3 (100)

a: percentage of the strains that positively scored for the indicated phenotype.
Ant: anthracene; Flu: fluorene; Nah: naphthalene; Phn: phenanthrene; Pyr: pyrene.

PAH:s as determined by the spray plate method and the 14C-naphthalene mineralization assays.
All naphthalene degraders (27 strains) and anthracene degraders (13 strains) formed clear zones

on the phenanthrene spray plates. Three strains (A8AN3, BIPH6, and N1-4PH) produced clear
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zones on the pyrene spray plates. The 3 strains could also degrade other PAHs (i.e., fluorene,
phenanthrene, anthracene, and naphthalene) as determined by the spray plate method and 14C-
naphthélene mineralization assay. No strain, however, produced clea.r‘zoﬁes on the
benzo[a]pyrene spray plates. In the spray plate assays, the time required for the formation of
clear zones around colonies was as follows: 1 day for fluorene, 2-3 days for phenanthrene, 3-4
days for anthracene, and 3 weeks for pyrene.

Only 89 out of 141 strains showed PAH degradative ability as determined by PAH spray
plate method and !4C-naphthalene mineralization assay, although 141 strains were isolated
previously as PAH degraders (King, 1991). The results of the indigo test indicated that 98 %
(87/89 strains) of the PAH-degraders showed dioxygenase activity as determined by the
formation of indigo. In 32 indigo negative (Ind-) strains (out of 141), two strains were PAH-
degraders, which suggested no or low (under detection limit) dioxygenase activity under the
condition used in this study. Among 52 non-PAH degraders, 22 strains scored positive in the
indigo test. Not all the strains were subjected to the naphthalene degradation test in this study;
therefore, it is possible that some of the strains are naphthalene degraders. The method
occasionally produces false results due to cross-feeding of strains on naphthalene vapor plates.
In addition, monocyclic aromatic hydrocarbon degraders contain dioxygenases also could
convert indole to indigo (Zylstra, 1988; Eaton, 1986; Tan, 1990; Ensley, 1983). It is interesting
to note that toluene-4-monooxygenase also has ability to convert indole to indigo (Yen, 1991).

3.1.3 Non-NAH Genotype Strains in Contaminated Soils. Gene probing was used to
determine if the isolates contained NAH7-like catabolic genes. NAH7-derived naphthalene

dioxygenase gene (nahA) was used as a probe in colony hybridization. Of the 141 strains
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examined, 96 strains tested positive from the nah4 gene probing. Among PAH-degraders (89
out of 141 strains), 13 strains (15%) did not hybridize with the nah4 probe and 4 strains (4%;
naphthalene degraders) did not hybridize with any of %he NAH7-derived gene probes (nah4,
nahG, and nahH; Table 6). In addition, plasmids of these 4 strains also exhibited different EcoRI
and EcoRV restriction patterns from that of NAH7 plasmid. It is possible that these 4 strains
may have new nah genes which encode different naphthalene degradation pathway from
conventional NAH7-encoded pathway. There are considerable amount of non-NAH7 type PAH-
degrader reported (Fredrickson, 1991; Foght, 1991; 1988; King, 1991). These 4 strains may
serve as new gene probes for monitoring indigenous bacteria population extensively, and for

providing insight catabolic activity on in situ bioremediation.

Table 6. Characteristics of non-nah4 probe hybridization strains.

Strain Indigo  nah Probe® 14C-Mineralization Spray Plate  Growth on
Test (A,G,H) Nah Phn Ant BaP Flu Pyr PIA®

A5PHI + - + o+ = = - - -
ASAN + - + + + o+ + + -
B1PH2 + - + o+ + - + - -
B10AN1 + - + + - - — - -

% NAH7-derived genes probes used for total DNA slot blot hybridization. Plasmid NAH7 DNA from P. putida G7
and the total DNA from P. putida PB2440 were used as positive and negative controls, respectively.

: Pseudomonad isolation agar.
Ant: anthracene; BaP: benzo[a]pyrene; Flu: fluorene; Nah: naphthalene; Phe: phenanthrene; Pyr: pyrene.

Among these 4 strains, strain ASAN3 was further characterized due to its broader PAH
mineralization ability. Strain ASAN3 was determined to be most similar to Sphingomonas

paucimobilis (Yabuuchi, 1990) based on phenotypic characteristics as well as identification of
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sphingolipid and major ubiquinone. A8AN3 contained sphingolipid which is a éharacteristio
component of cellular lipids of the genus Sphingomonas. Fatty acid analysis by GC showed that
A8AN3 possessed 2-hydroxymyristic acid (2-OH-14:0). Dihydrosphingosine in ABAN3 was
identified by GC-MS. Dihydrosphingosine and 2-OH-14:0 are components of sphingolipids in
the genus Sphingomonas. Isoprenbid quinone analysis by HPLC showed that ubiquinone 10
(Q10), major quinone in the genus Sphingomonas, was the major type of ubiquinone in ASAN3.
A8ANS3 had a polar monotrichous flagellum as shown by transmission electron microscopy
(Univ. of Tennessee - Knoxville, Dept. of Zoology, EM Facility). The yellow pigment of
A8ANS3 had an absorbance spectrum that matched nostoxanthin (Holmes, 1977), the pigment of
S. paucimobilis ATCC 29837.

3.2 Application of Bioluminescent Reporters in Monitoring Environmental
Pollutants. The nah-lux bioreporter strains, HK44 and SRL, were used in this study to monitor
bioavailability of environmental pollutants, such as naphthalene, salicylate; and JP-4 jet fuel..
Furthermore, a whole-cell biosensor was developed for a continuos, on-line monitoring of
microbial catabolic activities in waste stream.

3.2.1 nah-lux Reporter - Biosensing for Pollutant Availability for Biodegradation in
Environmental Systefns. A bioassay was developed and standardized for rapid, quahtitative
and specific assessment of naphthalene and salicylate. The bioluminescent catabolic reporter
strain Pseudomonas fluorescens HK44, which carries a transcriptional nahG-luxCDABE fusion
for naphthalene and salicylate metabolism, was used. A good linear correlation between
bioluminescence and naphthalene or salicylate aqueous phase concentration was found over a

range of 1 to 2 orders of magnitude, using exponentially growing reporter cultures (ODs46=0.35).
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A significant bioluminescence response could be detecteci for naphthalene concentration of 45
ppb. Studies conduct under defined conditions with extracts and slurries of experimentally
contaminated sterile soil and identical uncontaminated soil controls demonstrate that this method
can be used for specific and quantitative estimations of target pollutant presence and
bioavailabiiity in soil extracts and for specific and qualitative estimations of naphthalene in soil
slurries. In addition, the carbon starved resting cultures can cause significant bioluminescence
increase upon exposure to readily metabolizable substrates such as glucose, peptone and yeast
extract, thereby reducing the specificity of the response. Studies conduct in aqueous extracts of
environmental soil/sediment samples contaminated with petroleum hydrocarbons have
demonstrated increasing bioluminescence response as compare to uncontaminated control
samples.

The correlation between bioluminescence and biodegradation is examined in dual carbon
substrate system, which containing 1 g/l glucose and 3 or 12 mg/l salicylate, using Pseudomonas
fluorescens HK44 in a define mineral salts medium. Preliminary data show that a positive
correlation exists between the integrated bioluminescence signal and the corresponding amounts
of degraded salicylate.
| Earlier studies demonstrated that bioluminescent repofter bacteria can be immoBilized in
calcium alginate which provides a translucent matrix. Exposure of Pseudomonas fluorescens
‘HK44 immobilized in alginate brads to different naphthalene énd salicylate concentrations result
in transient bioluminescence responses. Good linear correlations were found between peak

bioluminescence levels and target pollutant concentrations.
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3.2.2 Environmental Applfcation of nah-lux and tod-lux Bioreporters. A
bioluminescent reporter bacterium Pseudomonas fluorescens HK44 for naphthalene and
salicylate catabolism was used for analysis of naphthalene and bioa:wailability in aqueous extracts
of soils contaminated with petroleum hydrocarbons. For each experimental set which involved
two different soils, one presumably uncontaminated soil A and a heavily contaminated soil B, a
series of naphthalene concentrations were included in order to prepare bioluminescence versus
naphthalene standard curve. For all the samples investigated, the final biomass concentrations
were identical and remained unaffected by the contaminants. A very reproducible
bioluminescence response was obtained from contaminated extracts as compared to extracts from
an uncontaminated control soil; however, quantitative estimates of the amount of naphthalene
present in the mixture were not accurate.

On studies conducted with JP-4, jet fuel experimentally contaminated samples a linear
correlation between the relative amount of pollutant and the magnitude of the bioluminescence
response was observed. In Figure 5 the bioluminescence response of P. fluorescens HK44 to
different amounts of JP-4 jet fuel is shown. The dilution factors used ref;:renced to an aqueous
solution, saturated with JP-4. A good linearity was found for the dilution investigated, which
included 12 samples with a range from 0.03 to 0.5 and a control with water. The regression line
was described by the equation: y = 104.83x + 1.2656 with 12 = 0.967. For all the samples
investigated, the final biomass concentraﬁons were identical and remained unaffected by the
amount of JP-4.

In Figure 6 there is also significant response to the aqueous solution containing JP-4 by

P. putida B2. This figure also shown that maximum toluene gene expressioh occurs at 10 mg per
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liter toluene. This provides direct evidence that in the case of the toluene dioxygenase

cooxidation of TCE 10 mg per liter toluene causes maximum induction of the system.
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Figure 5. Relationship between the amount of JP-4 jet fuel and the bioluminescence response of
growing cultures of P. fluorescens HK44 after 1 hour incubation. The amount of JP-4 is
expressed as a factor of an aqueous solution, saturated with JP-4.
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Figure 6. Specific bioluminecence of Pseudomonas putida B2 after exposure to different
concentrations of toluene and water saturated with JP-4 fuel.
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It was interesting to note that 64 mg/I toluene, 22 mg/l p-xylene and 980 mg/1 acetone
caused a significant bioluminescence increase as compare to a control with water. In addition,
the mixtures of the san;e concentrations of either acetone and toluene or acetone and p‘—X);lene the
responses were exactly additive but not for the mixture of toluene and p-xylene. The solvent
effects were dependent on the physiological status of the reporter culture and were present in
growing, but not in resting reporter cultures.

In order to determine the relationship between bioluminescence response and pollutants, a
mRNA extraction was performed on 4 ml culture in the test vials. The analysis of nah-lux
mRNA in growing cultures revealed that even though toluene had a strong effect on the
bioluminescence response in growing reporter cultures after exposure to the solvent, but it did
not increase nahG-luxCDABE gene expression. In contrast, nah-lux mRNA ]evels‘signiﬁcantly
increased after exposure to naphthalene or JP-4 jet fuel. It is proposed that the increase in
bioluminescence after exposure to solvents was due to changed fatty acid synthesis patterns
affecting the aldehyde supply for the bioluminescence reaction.

3.2.3 Bioluminescent Biosensor for On-Line Pollutant Monitoring. An optical whole
cell biosensor based on the bioluminescent catabolic reporter bacterium, Pseudomonas

Sfluorescens HK44, waé developed for continuous, rapid on-line monitoring of naphthalene and
salicylate bioavailability and microbial catabolic activity in waste stream, i.e. "dirty" samples.
The reporter strain, P. fluorescens HK44 was capable to degrade naphthalene and salicylate.

Under defined conditions, a rapid increase in bioluminescence was detected after
exposure to naphthalene and salicylate. The magnitude of the response and the response time

were concentration dependent. The response time was defined as the time interval between

36




exposure to the pollutant and the time when the bioluminescence response exceeded the sum of
three standard deviations of the average baseline value prior to induction. It was interesting to
‘note that at lower inducing substrate concentrations of 0.5 mg/1 saiicylate and 1.55 mg/l
naphthalene, the response times of 24 minutes were significantly longer than at high
concentrations. Under repetitive perturbation conditions, good reproducibilities of the signal
magnitude and response time were found for both substrates, naphthalene and salicylate. The
specificity of the biosensor was determined by examining the response of different carbon
sources in the waste stream and compared to the response to naphthalene. The bioluminescent
responses were insignificant (less than 2 fold) and response times were significantly longer than
those observed for naphthalene (1.55 and 15.5 mg/l) when glucose (1.0 g/l) and YEPG medium
(1.0 g/1) were used as substrate. Exposure to toluene resulted in no significant bioluminescence
signal. The environmental application of the biosensor was tested using real, complex pollutant
mixtures containing naphthalene. Naphthalene concentration was detected at 0.55 mg/1 in the
effluent of the biosensor. A positive bioluminescence response was also observed after exposure
to the aqueous leachate from a manufactured gas plant (MGP) soil. The concentration of
naphthalene was estimated at 0.6 mg/l in the effluent of the soil column.

3.2.4 Determination of Bioluminescent Responsé to PAH Priority Pollutants and
Metabolites. Two bioluminescent reporter strains P. fluorescens HK44 (nah*, sal*) and SRL
(nah*, sal-) were used in this study. The results of one-hour exposure assays with P. fluorescens
HK44 using saturated solutions (without crystals) shown that salicylate, naphthalene and
acenaphthylene producing significant light increase as compared to the control without inducing

substrates. All other compounds, acenaphthene, anthracene, benzanthracene, chrysene,
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dibenzanthracene, fluorene, fluoranthene, methyl-anthracene and phenanthrene, did nbt increase
the catabolic nahG expression over the background control. In prolonged exposure assaysr(5.5
hr) and the use of aqueous solution—s containing crystals resulted in a significant induction of
catabolic gene expression with several compounds which tested negatively in strain HK44, such
as anthracene, benzo[a]pyrene, fluorene and phenanthrene. A similar bioluminescence response
patterns are observed in the strain SRL after 3.6 hour exposure to the PAHs. The above results
suggested that the naphthalene degradation pathway in P. fluorescens HK44 and SRL was not
only induced after exposure to naphthalene but might also be induced upon exposure to
acenaphthene, acenaphthylene, fluorene, phenanthrene ,anthracene and benzo{a]pyrene.

In addition, it has been demonstrated with SRL that the intermediate of anthracene
degradation, 2-hydroxy-3-naphthoic acid, can act as an inducer of the naphthalene degradation
pathway. But, the similar light induction response is not observed with 1-hydroxy-2-naphthoic
acid, the intermediate in phenanthrene degradation.

3.3 Maintenance of Wild type (pKA1) and Bioluminescent Reporter Plasmids
(pUTK9 and pUTK21) Under Non-Selective Conditions in Continuous Culture. The wild
type naphthalene degradative plasmid, pKA1, was maintained in 100% of the P. fluorescens 5R
culture on minimal glucose .media. The plasmid was maintained for 94 generations at a dilution
rate of 0.171 hr'! and an additional 27 generations at a dilution rate of 0.257 hr'! (Figure 7). All
colonies on the YEPG plates were indigo positive, a presumptive test for dioxygenase activity

(nahA in this case).
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Figure 7. Maintenance of pKA1 in P. fluorescens SR growing in continuous culture on 100 ppm
glucose in minimal media.

The maintenance of the naphthalene biodegradation reporter plasmid pUTK21 in glucose
minimal media is shown in Figure 8. The plates counts from tetracycline selective media (cells
retaining pUTK?21) closely follows the /uxAB probed colony blots ;caken from the plates without
tetracycline (total CFUs). These results show that 40% of the culture exists without pUTK21 as
shown in Figure 9. The initial fraction of the culture retaining pUTK21 is shown as 90% but
could be attributed to plating error since the inoculum was grown under tetracyclihe selection.
The ratio of the culture retaining pUTK21 declined to 60% over 98 generations at a dilution rate

of 0.171 hr'l.
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Figure 8. .Maintenance of pUTK21 in P. fluorescens SRL growing in continuous culture on 100
ppm glucose in minimal media.
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Figure 9. The plasmid retention ratio of pUTK21 in P. fluorescens 5RL (total CFUs/CFUs
retaining pUTK21) is shown (#).
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The maintenance of pUTK21 in P. ' Sfluorescens HK44 is shown in Figure 10. The data
show that the portion of the population retaininé the reporter plasmid declined to 1.58 X 104
cfu/ml after 39 generations at a dilution rate of 0.086 hr'l. This decrease: coupled with a 1.6 X
108 cfu/ml increase in total cells resulted in 99% loss of pUTK21 in the HK44 culture (Figure
11). The plasmid bearing portion of the culture was maintained at the same level for another 23
~generations. An increase in the dilution rate to 0.171 hr'! had no significant effect in plasmid
maintenance for an additional 13 generations. Plasmid preparations derived from random culture
isolates showed that the Tn4431 transposon in pUTK21 remained stable. The plasmid
preparations from individual strains were BamHI digested, southern blotted and probed with a
luxAB specific DNA probe. All isolates retaining pUTK21 also retained the /ux insertion
consistent with the expected 7.5 kb fragment compared to standard pUTK21 DNA. All isolates
retaining pUTK21 were tetracycline resistant whereas those isolates that lost pUTK21 were
tetracycline resistant. This indicates that the transposon did not insert in a chromosomal site.
Although these blots were not probed for naphthalene degradative genes, there did not appear to
be any deletions or rearrangements in any of the isolates since all isolates maintained the same
DNA fragment pattern. Additiona}ly, all isolates that lost pUTK21 had the plasmids that are
present in the parent 18H strain and this precludes the possibility that thé isolates were merely
contaminants. The plasmid retention ratios for the wild type plasmid pKA1 and the engineered

plasmid pUTK21 are summarized in Figure 12.
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Figure 10. Maintenance of pUTK21 in P. fluorescens HK44 growing in continuous culture on
100 ppm glucose in minimal media. Total cells (o), CFUs retaining pUTK21 (#) are shown.
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Figure 11. The plasmid retention ratio of pUTK21 in P. fluorescens HK44 (total CFUs/CFUs

retaining pUTK21) is shown (e).
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Figure 12. The plasmid retention ratios of pKA1 in P. fluorescens 5R (¢) and pUTK21 in P.
Sfluorescens SRL () and P. fluorescens HK44 (V) are shown.

The maintenance of the reporter plasmid pUTK9 in P. putida RB1351 is shown in Figure
13. This data was derived from a naphthalene competition experiment and does not represent
data from a RB1351 culture grown on glucose minimal media. Since naphthalene minimal
media does not select for pUTK9 (contrast to pUTK21), there was no selection for pUTK9 and
this experiment served the purposes of demonstrating maintenance in a non-selective medium.
The data show that the reporter plasmid pUTK9 was maintained in 67-95% of the P. putida
RB1351 population (Figure 14). The population of P. putida RB1351 lacking pUTK9 fluctuates,
but there is no identifiable trend in plasmid lossf This lack of a trend is due to the difﬁculty in

monitoring this population at such low numbers.
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Figure 13. Maintenance of pUTK9 in a chemostat culture containing P. putida RB1351 growing
on saturating levels of naphthalene in minimal media. The cells retaining pUTK? (e) and the
cells that have lost pUTK9 (#) are shown.
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Figure 14. The plasmid retention ratio of pUTKO in P. putida RB1351 (total CFUs/CFUs
retaining pUTKD9) is shown. (e).
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3.3.1 Compétitive Maintenance of Engineered and Wild Type Strains. Population v
maintenance of the wild type degrading strain P. fluorescens 5R and two engineered reporter
strains (P. putida RB1351 and P. fluorescens SRL)V growing on saturating levels of naphthalene
minimal medium is shown in Figure 15. The data show that the wild type strain was maintained
at a level 3-5 orders of magnitude higher than either engineered strain. The wild type strain P.
Sfluorescens SR, P. fluorescens SRL, and P. putida RB1351 were maintained at 108, 1.3 x 10’ and
5 x 10* cfw/ml respectively at a dilution rate of 0.017 hr'' for 25 generations. At a dilution rate of
0.17 hr-1, the P. fluorescens 5R and P. putida RB1351 were maintained as before for an
additional 99 generations, but P. fluorescens SRL was nearly washed out. The results do show
that P. putida RB1351 was maintained at 10*-10° cfu/ml even at higher dilution rates. P.

Jfluorescens SRL was nearly washed out at higher dilution rates, possibly due to the inability of

the strain to mineralize naphthalene completely (accumulates salicylate).
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Figure 15. Population maintenance of a wild type PAH degrading strain P. fluorescens SR (s),
and two engineered reporter strains; P. putida RB1351 (#), and P. fluorescens SRL (V) growing
on saturating levels of naphthalene in minimal media.

45




The sharp increase in total cell number and in the population level of P. ﬂuorescens 5Ris
unéxplajnable. No naphthalene or metabolites were detected in the culture effluent (data not
shown). The fact that no saiicylate was detected in the culture effluent (data not shown) indicates
that P. fluorescens SRL provided an additional substrate for growth to P. fluorescens 5R and P.
putida RB1351, thus providing a competitive advantage to those strains.

A similar mixed culture was composed of P. putida RB1351, P. fluorescens 5Rrif, and P.
fluorescens HK44. Because P. fluorescens HK44 has a complete salicylate degradation pathway,
it was hypothesized that this strain could compete with the other strains for naphthalene and be
maintained in continuous culture. The maintenance of the respective populations is shown in

Figure 16.
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Figure 16. Population maintenance of a wild type PAH degrading strain P. fluorescens SRuif (o)
and two engineered reporter strains P. putida RB1351 (#), and P. fluorescens HK44 (VY),
growing on saturating levels of naphthalene in minimal media. Bioluminescence is indicated as
(m).
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The wild type strain P. fluorescens SRrif and P. putida RB1351 were maintained at 1.2-
8.2 x 10° cfw/ml for 5 generations at a dilution rate of 0.017 hr'. The population of P.
ﬂuorescéns HK44 dropped from 5 x 10° to 4 x 10° cf/ml. At a dilution rate of 0.034 hr'', P.
flourescens 5Rrif and P. putida RB1351 increased to 9 x 10° cfw/ml, gradually decreased to 4 x
10° cfu/ml, then again increased to 5 x 10® cfw/ml over 8.2 generations. P. ﬂuérescens HK44
gradually decreased until no CFUs could be detected. This eventual washout of P. fluorescens
HK44 may have been due to the 10-fold lower inoculum of this strain even though there was an
attempt to inoculate all strains at the same titer. This situation would provide a competitive
advantage to the strains present in higher numbers.

The bioluminescent response of the mixed culture was dynamic in character. Upon
inoculation of the respective strains, bioluminescence increased to 0.2 x 10® amps and remained
constant until the continuous addition of medium after 24 hr. At this time, the bioluminescence
increased to 0.63 x 107 amps. The response fluctuated over the next. 120 days. Upon increasing
the dilution rate from 0.017 hr'! t0 0.034 hr’', the bioluminescence increased 2.5 fold, fluctuated,
then decreased to 0.6 x 10” amps. This data demonstrates that the bioluminescent response is
sensitive to perturbations such as a change in dilution rate. A steady state was regained,
indicating that the bioluminescent response is probably not related fo growth rate.

Because P. fluorescens HK44 was not maintained in the previous experiment, this strain
was continuously cultured alone with naphthalene as a sole source of carbon. The experiment
was set up to test the hypothesis that P. fluorescens HK44 was not maintained in mixed
continuous culture due to the loss of pUTK21. Although naphthalene serves as selective

pressure for pUTK21, it is conceivable that the plasmid is gradually lost over time and the host
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strain washes out of the culture. The culture was monitored using selective and non-selective
media. If a large portion of the population were losing pUTK?21, then large differences in plate
counts on the respective media would be expected. There were no such differences (data not
shown). The population maintenance of P. fluorescens HK44 is shown in Figure 17. The data
show that the population started at 1.2 x 10° cfu/ml. This level increased to 1 x 10% - 7 x 10’
cfu/ml and was maintained for 9 generations at a dilution rate of 0.026 hr'. The culture was
maintained for another 17 generations at a dilution rate of 0.06 hr'. Upon addition of P.
fluorescens SRuif, the population of P. fluorescens HK44 decreased to 5 x 107 cfu/ml but was
maintained for another 21 generations at a dilution rate of 0.06 hr'.

As determined by probing colony blots taken from culture samples with /uxAB specific

DNA, the maintenance of pUTK21 is shown in Figure 18. The results agree with the viable
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Figure 17. Population maintenance of P. fluorescens HK44 (o) growing on saturating levels of
naphthalene in minimal media in continuous culture. The wild type PAH degrading strain, P.
fluorescens SRrif (#), was inoculated into the culture after 17 days of cultivation.
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Figure 18. Maintenance of pUTK21 (1) in P. fluorescens HK44 growing in continuous culture on
saturating levels of naphthalene in minimal media. The bioluminescent response is indicated (M
). The system was perturbed in the following ways: (¢) The dilution rate was increased to 0.06
hr-1; (2) The strain P. fluorescens SRrif was inoculated into the system; (3) The culture was
poisoned with the detergent Quatsyl 256.
count data shown in Figure 17. These data indicate that the reporter plasmid pUTK21 is not lost
during continuous culture on naphthalene. The Jux genotype was stable maintained for 9
generations at a dilution rate of 0.026 hr. Upon increasing the dilution rate to 0.06 hr, the lux
genotype continued to be maintained for another 17 generations. When the wild type PAH
degrading strain P. fluorescens SRrif was added to the culture, the /ux genotype continued to be
maintained for another 21 generations.

The bioluminescent response of the culture is also shown in Figure 18. Over the first 3

generations, the bioluminescence was dynamic but reached a steady-state at 0.27 x 108 amps.
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These data agree with the viable counts shown in Figure 17 with réspect to cell number and
bioluminescent output. The bioluminescence becomes steady about thé same time the viable
count of P. ﬂuo;escens HK44 becomes steady. The bioluminescence remains steady for 9
generations at a dilution rate of 0.026 hr'.

Upon increasing the dilution rate to 0.06 hr™', the bioluminescent response shows a brief
fluctuation and then attains its former level for another 6.5 generations. This fluctuation was
much smaller in magnitude than the one in Figure 16. The dilution rates were different and it is
impossible to judge whether such a perturbation is more pronounced in a mixed culture than in a
pure culture. Upon addition of P. fluorescens SRrif to the culture, the bioluminescence dropped
two fold. The bioluminescence regained its former level after an additional 21 generations. It
seems that the sudden burden of competition has a pronounced effect on the bioluminescent
response in this situation. At the conclusion of the experiment, the culture was poisoned with the
detergent Quatsyl® 256. The bioluminescence dropped to 0 x 10™® amps. This demonstrates that
the response was indeed due to light from the culture and not due to light leakage or dark current.

3.3.2 Persistence of Engineered Reporter Strain in Mixed Culture Degrading Mixed
Contaminants. The Jux reporter strain P. putida RB1351 could successfully compete with a wild
type undefined assemblage. Population maintenance of P. putida RB1351 in a mixed culture |
containing a community derived from a PAH contaminated soil is shown in Figure 19. The data
show that after 11.5 generations at a dilution rate of 0.171 hr', the RB1351 reporter strain was
maintained at a level of 2.4-2.6 x 10° cfw/ml. The wild type assemblage was maintained at 2.3 x

10%-8.5 x 10° cfu/ml. No naphthalene was detected after day one, and phenanthrene could not be
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detected after day six. The abrupt rise in the level of the wild type assemblage correlates with the

utilization of phenanthrene. P. putida RB1351 is unable to utilize phenanthrene, thus the wild
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Figure 19. Maintenance of an engineered Jux reporter strain P. putida RB1351 (M) in a mixed

culture containing a community derived from a PAH contaminated soil. The total CFUs (e) are

indicated. Naphthalene (#) and phenanthrene (V) were supplied at saturating concentrations in

minimal media supplemented with a soil extract (DOC = 10 mg/ml).

type assemblage may have gained a competitive advantage from an additional carbon source.
The lux strain P. putida 1351 was capable of maintaining a detectable output of

bioluminescent light for long periods of time. Bioluminescence from this strain in a mixed

culture (same as Figure 19) is shown in Figure 20. The results indicate that bioluminescence was
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maintained at 1.4-2.3 x 10’ amps. The gap in the data was due to a computer malfunction and

subsequent loss of data.
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Figure 20. Bioluminescence from a lux reporter strain P. putida RB1351 in a mixed culture
containing a community derived from a PAH contaminated soil. Media conditions were the
same as in Figure 19.

3.4 Construction of tod-lux Reporter and Co-Oxidation of TCE. The reporter
plasmid pUTK 30 was generated by cloning the fod promoter in front the lux genes of pUCD615
(Rogowsky, 1987). This was accomplished by directionally cloning a 2.75 kb EcoRI-Xbal
fragment from pDTG514 (Menn, 1991; Figure 21). Plasmid minipreps were cleaved with

BamHI to confirm insertion of the fod fragment. The resultant reporter plasmid pUTK 30 was

mated into P. putida F1 and exconjugants were selected for light production on LB plates
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containing kanamycin (50 pg /ml) and toluene vapor. Of five of the exconjugants were selected

for further study, strain B2 was arbitrarily picked to be used in the remaining experiments.
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Figure 21. Schematic diagram of the construction of the tod-lux reporter plasmid pUTK30.

The co-metabolism of TCE by tod-lux reporter was conducted in a differential volume
reactor (DVR). The DVR system inoculated with B2 immobilized in alginate beads was used to
determine the light response of the strain when induced by toluene. The inlet concentration of
toluene was altered by using square-wave perturbations having 20 hr cycles. During feed
portions of the cycle 10 mg/L toluene was introduced into the inlet of the reactor. Preliminary

experimental results exhibited a very rapid and seemingly instantaneous bioluminescent response
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within the differential volume reactor upon the introduction of toluene. Figure 22 shown both
the light response of the reporter strain in the reactor and the step changes made with the inlet
concentratioil of the inducer indicated a direct response of bioluminescence of B2 with respect to
toluene present in the system. During the cycle, light emission increased by 16.3 £ 1.2 nAmp/hr.
The toluene effluent concentration approached zero after the toluene feed was stoppéd, and the
light response in the reactor decreased at a rate of 3.4 + 0.8 nAmp/hr.

In Figure 22 also shown TCE was degraded by the toluene dioxygenase in F1 after the
tod-lux reporter induced by toluene. A direct correlation between light emission and TCE
degradation was observed. The maximum light response was 43.4 + 6.8 nAmps. The system
degraded approximately 20% of the TCE and 50% of the toluene. This gave a steady-state TCE

effluent concentration when toluene was being introduced into the system of 16.5 £ 0.2 mg/L,
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Figure 22. Bioluminescent response and cometabolism of TCE by P. putida B2 to square wave
perturbations of 10 mg/ml toluene in 20 hour cycles. Symbols used in the Figure describing as
follow: ® bioluminescence; A TCE effluent; and M toluene effluent.
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and an effluent toluene concentration of 5.8 £ 0.1 mg/L, which represents a ratio of 1.7 umol
toluene degraded/umol TCE degraded. Approximately 50% of the toluene was degraded by the
strain B2 in fhe DVR (Figure 22). This experiment was performed to ascertain the effect of the
lux-reporter plasmid in the degradative capacity of P. putida F1.

The system described here showed a direct correlation of TCE biotransformation to the
bioluminescent response of the strain P. putida B2. The results of the square wave perturbations
were similar to the response obtained by King ef al (1990) with the naphthalene system. These
results show the utility of such a strain's use in the monitoring of TCE biotransformation. The
strain could be used to monitor gene expression of the toluene dioxygenase and determine
optirrium conditions for gene expression both in controlled conditions and an environmental
situation. The greatest potential of the use of such a strain is in pretreatment of waste as it has
lots of advantages. It allows the on-line monitoring of gene expression and also the toxic effects
of TCE and its metabolites on the system. This second attribute of the system can be seen in the
fact that the intensity of the light response (Figure 22) is reproducible in the successive -
perturbations. This suggests that there was not a significant toxic effect of the TCE or its
metabolites on the system as the light response level was not affected. Future studies will focus
on the use of this strain to determine the minimum amount of gene expression to attain maximum
TCE removal of the system and the use of gratuitous inducers to eliminate the competitive
inhibition of the toluene.

3.5 Construction of biphenyl-lux Reporter Strains. Erickson and Mondello (1992)
have reported two putative promoter regions for the bph operon. One of the regions is directly in

front of the bphA1 gene and the other is in front of an Open-Reading-Frame (ORFO) that also
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precedes bphA1l. Two bph-lux plasmids were constructed in order to examined the response of
this region to biphenyl (Figure 3). One bph-lux construct contains both the ORFO and bphAl
before the Jux genes (ORFObphA-lux) and the other construct contains just the bph41 gene in
front of the /ux genes (bphA4-lux). In the E. coli host neither of these constructs produced light
with or without the presence of biphenyl. When the bph-lux plasrﬁids were transferred to P.
putida PB2440 light was produced.

Light production experiments with the P. putida (ORFObphA-lux) and P. putida (bphA-
lux) strains were performed using conditions used to effectively degrade PCBs by naturally
occurring PCB degrading bacteria. In the strain P. putida (ORFObphA-lux) light increased as the
cells grew in pyruvate and the addition of biphenyl resulted in higher light production (Figure
23). An increased light response was not seen with the addition of biphenyl in the P. putida
(bphA-lux) strain. A similar increase in light production was seen with the addition of biphenyl

for strain P. putida::TnPCB (ORFObphA-lux; Figure 24).
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Fig’ufe 23. Light production by the strains P. putida (ORFObphA-lux) and P. putida (bphA-lux).

Concentrations of the carbons sources were as follows: pyruvate (80 mM; M), pyruvate +
benzoate (80 mM; A), pyruvate + biphenyl (1%; o).
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Figure 24. Light production by the strain P. putida::TnPCB (OF ObphA-Iux). Pyruvate (H);
pyruvate + biphenyl (e).

Other bioluminescent reporter systems such as the nah-lux and the tod-lux systems appear
to have stronger light responses to néphthalene and toluene respectively. Several factors may
account for these results. First biphenyl has a low solubility so that the amount of biphenyl
available to the cells may be low. Second, the nucleotide sequence of the P1P2 promoter region
resembles the Sigma 54 type promoters. Genes with these types of promoters are often affected
by carbon and nitrogen levels in the cells. In addition, pyruvate is an intermediate in the
degradation of the biphenyl ring.

Benzoate was tested as a po;tential inducer of the bph promoter because it is a final end
product of the upper biphenyl degradative pathway. When benzoate was used as the carbon
source, light production was repressed compared to pyruvate in the strain P. putida (ORF ObphA—_

lux; Figure 23). This result was unexpected because salicylate, the end product of the upper
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pathway of the naphthalene serves as the inducer of the nah promote‘r. One explanation may be
that the naphthalene and the salicylate pathways are linked in Pseudomonés, where as the
PCB/biphenyl and the benzoate pathways are not linked and often occur in different bacterial
species in a consortia (Pettigrew, 1990; Hickey, 1993).

3.6 Degradation of PAHs Mediated by a NAH Plasmid. The bacteria P. fluorescens
strain 5R and its mutant SRL were used in this investigation. Preliminary results obtained from
TLC indicated that there are metabolites formed in the degradation of anthracene and
phenanthrene by strain SRL. Identification of metabolites are further analyzed by HPLC and
GC/MS. Two degradation products, 2-hydroxy-3-naphthoic acid and 1-hydroxy-2-naphthoic
acid, are recovered and identified as biochemical metabolites from the biotransformation of
anthracene and phenanthrene, respectively. This is the first study providing direct biochemical
evidences of the naphthalene plasmid degradative enzyme system being involved in the
degradation of higher molecular weight PAHs other than naphthalene.

Characterization of metabolites formed from fluorene was also carried out by
biotransformation experiments. A yellow color product was observed in the biotransformation
study, however, the physical property the compound was not able to determine at present time.
Preliminary results obtained from TLC plate suggest that there were accﬁmulation of metabolites
in the studies. Identification of metabolites were further analyzed by GC/MS. In neutral
extraction, ‘three metabolites were identified by GC/MS by comparison with the authentic
standard or mass spectrum obtained from previous published paper. The‘compound 9-fluorenol
(m/z=181; base peak) and 9H-fluoren-9-one (m/z=180; base peak) were identified with GC

retention time of 13.4 and 13.5 minutes, respectively. The third metabolite had a GC retention
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time of 7.8 minute and was identified as l-indanone (2,3-dihydro-1H-inden-1-one) with a parent
peak (M*) of m/z=132 and a base peak of m/z=104. The metabolite, 1-indanone, was also
detected in the transformation experiments by strain 5R. To our knowledée, this compound, 1-
indanone, was never reported as an intermediate in the degradation of fluorene by either bacteria
or fungi.

Another three metabolites with M. W. of 148 was detected by GC/MS in the neutral
extraction with retention time of 12.5, 13.8, and 14.5 min, respectively. This compound could be
converted from 1-indanone by strain SR and an E. coli strain that containing nahABCD genes,
and from the parent substrate, fluorene, by strain 5R, but not by E. coli strain. The identity of
these metabolites is not determined at present time. The retention time of these compounds was
different from 2-hydroxy-indanone 13.2 min), and 3-hydroxy-indanone (15.4 min; both have
M.W. of 148) that formed from 1-indanone by naphthalene dioxygenase, and toluene
dioxygenase (Resnick, 1994). This study suggested that the NAH plasmid present in strain
SR/5RL has the ability to mediate the degradation of fluorene and may possess a different
metabolism pathway for fluorene. A further investigation on the identification of these
metabolites is in progress.

A bioluminescent assay has been developed to ascertain whether the metabolite(s)
produced from biotransformation of fluorene by the nah operon capable of interacting with the
nahR gene product to induce the nak and sal operons. Bioluminescent values were obtained after
one hour exposure. A T test of the data showed no significant difference between the negative
control and the fluorene cultures. While the positive control (salicylate 10 mg/1) showed a

significant bioluminescence response indicating induction of the nak and sal operons. These
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results suggested that ﬂuo-rene biotransformation does not provide metabolite(s) which can
interact with the regulatory profein of the NAH system. It also suggests that the
biotransformation of fluorene by NAH plasmid is a cométabolism process.

Dibenzofuran can be transformed rapidly by strain SRL using the procedures described in
the Materials and Methods. After dibenzofuran is added into SRL growing culture, a yellow color
formed within 30 min. The spectrophotometric characteristics of this yellow color product
showed maximum absorptions at 427 and 359 nm, under neutral and basic conditions, and it
shifted to maximum absorption at 397 nm, under acidic condition. It is interesting to note that
these absorption characteristics change to 420, 358, and 307 nm, under neutral and basic
conditions, and to 316 nm under acidic condition, after 22 hr. The residues obtained from
transformation experiments were further analyzed by GC/MS. In neutral extracts, 2-
dibenzofuranol (m/z at 184; base peak), 4H-1-benzopyran-4-one (chrome; m/z at 146), 3(2H)-
benzofuranone (m/z at 134; base peak), and 2-hydroxy-benzenemethanol (salicyl alcohol; m/z at
124; with base peak at 78) were detected. In acid extracts, 2-hydroxy-benzoic acid (salicylate;
m/z at 138 with base peak at 120) and its methyl ester (m/z at 152) were detected. All
metabolites were identiﬁed by compared with mass spectrum from NIST Mass Spectral Library.
A further characterization of these compounds are undertaken.

The results obtained from this study suggested a different degradation pathway of
dibenzofuran may present in strain 5SRL. The benzene ring was the initial target that cleaved by
5RL and led to form 2-dibenz§furanol and 3(2H)-benzofuranone which different from other
reported bacteria that break the central ring first and yield 2,2’,3-trihydroxybiphenyl (Fortnagel,

1990; Strubel, 1991; Happe, 1993). This observation was consisted with the degradation of
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fluorene by SRL that the initial attack was on the six-ring. However, this hypothesis needs
further confirmed by‘ isolation and identification of these metabolites.

Strain SRL also showed ability to degr:ade dibenzo-p-dioxin, however, the identities of
the transformation products are not determined at present time. In addition, strain A5 also
showed ability to transformed dibenzo-p-dioxin, and a potential metabolite was determined as
salicyl alcohol by comparison with NIST Mass Spectral Library.

The above results suggested that the strain SR/5RL has a great diversity of its degradative
capability to degrade different PAHs. In other words, the NAH plasmid plays important role in
the degradation of 3-ring PAHs and cyclic biaryl ethers, and its metabolic pathway may serve as
a core pathway for the microbial degradation of hazard waste in the environment.

3.7 Naphthalene Degradation Through the Gentisate Pathways by Burkholderia
cepacia Strain JS150. Pseudomonas sp. strain JS1 has mucoid phenotype, and has a broad
substrate specificity on the oxidation of aromatic hydrocarbons (Spain, 1990). A non-mucoid
mutant, JS150, was isolated and retained all known degradative capabilities of JS1, including
naphthalene and salicylate (Haigler, 1992). DNA-DNA hybridization under high stringency
conditiqns revealed significant homology between JS150 DNA and the nahA4 (naphthalene
dioxygenase) gene of naphthalene catabolic plasmid NAH7. However, JS150 did not hybridize
to nahG (salicylate hydroxylase gene) or nahR (positive regulatory gene) probes. This results
indicated that the naphthalene pathway of JS150 may be regulated by a different system than the
naphthalene pathway of NAH7. It is also possible that JS150 has a nahR homologue which is
further diverged from nakR than the nahR homologues typically found on naphthalene catabolic

plasmids, although it seems unlikely that the sequences of nahd and nahR in JS150 would
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diverge from their NAH7 counterparts to a significantly different degree. Haigler et al (1992)
.showed that naphthalene oxidation by JS150 is inducible by growth on naphthalene or salicylate.
Therefore, JS150 must h;we one or more functional naphthalene regulatory gene(s).

In the biotransformation experiments, both gentisate and salicylate were detected by
GC/MS in the supernatant of naphthalene-grown culture. Furthermore, gentisate was discovered
by HPLC and GC/MS in the salicylate-grown culture and gentisate dioxygenase activity was
detected in salicylate-grown cell-free extract. Further enzyme assays showed that catechol 1,2-
dioxygenase and catechol 2,3-dioxygenase activities were not detected in the cell-free extract of
salicylate-grown culture. Complete degradation of gentisate by cell-free extract of salicylate-
grown JS150 was shown to be dependent on the presence of reduced glutathione. The above
results strongly suggested that JS150 oxidizes naphthalene to salicylate, then further degradation
via a reduced glutathione-dependent gentisate pathway. The ability of JS150 to grow on
potential gentisate pathway substrates was examined (Table 7). It is interesting to note that
among the large number of aromatic compounds can serve as growth substrates for JS150
(Haigler, 1992), only naphthalene and salicylate were degraded through the gentisate pathway.
There have been no previous reports of a strain using the gentisate pathway but being unable to

| use exogenous gentisate as a growth substrate. Another compound, m-hydroxybenzoate which is
degraded through the gentisate pathway by some bacteria, was found to be degraded through
protocatechuate ortho cleavage in JS150. Anthranilic acid, another potential gentisate pathway
substrate, was also shown not to be degraded through the gentisate pathway in JS150. The actual

catabolic pathway for anthranilic acid was not identified.
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Table 7. Substrate specificity study of JS1 SOv via the gentisate pathway.

Substrate Growth Ring-cleavage pathway Reference
Naphthalene + MPI * This work,
: (Haigler, 1992)
Salicylate + - MPI This work,
(Haigler, 1992)
Gentisate - MPI This work
m-hydroxybenzoate + PCA 3,4° This work
anthranilate + 7% This work,
(Haigler, 1992)
4-chlorosalicylate - ND* This work
3-methylsalicylate - ND This work
4-methylsalicylate - ND This work
Tryptophan + ? This work

“ Gentisate pathway, maleylpyruvate isomerase branch.
Protocatechuate ortho cleavage.

° Ring cleavage pathway present, but unknown.
Occurrence of ring cleavage not determined

The results of the research reported here brought to seven the number of cleavage
pathwéys possessed by strain JS150. These are: 1) the naphthalene upper pathway, 2) the
gentisate pathway, 3) the catechol ortho cleavage pathway (Haigler, 1992), 4) at least one
catechol meta cleavage pathway (Haigler, 1992), 5) the modified ortho cleavage pathway (Spain,
1987), 6) the protocatechuate ortho cleavage pathway, and 7) the unidentified pathway through
which anthranilate is degraded. This is greater than the number required for the metabolism of
the substrates JS150 is known to degrade. The presence of so many ring cleavage pathways in
JS150 makes JS150 a good strain in which to investigate the relative efficiencies of few versus
many ring cleavage pathways for the simultaneous degradaﬁon of multiple aromatic substrates.

3.8 Degradation of Chlorinated Hydrocarbons by Alcaligenes eutrophus AS. A PCB
degrader, A eutrophus A5, was used in this study. Biotransformation of DDT (1,1,1-trichloro-

2,2-bis(4-chlorophenyl)ethane) strain A5 was demonstrated by analysis of ethyl acetate extracted
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products from resting cell cultures. The GC/MS analysis of the neutral extracts from the cultureé
revealed a metabolite with retention times at 19.80 and 19.55 min. which showed identical mass
spectrum. These metabolites had a parent peak (M*) of m/z 370 and a base peak of m/z 251 and
was tentatively determined to be a hydroxy-DDT because it had a molecular weight of 370,
which is 16 more than DDT (M.W. 354). The ionization fragment of m/z 251 indicated the loss
of -CCl;. This ionization pattern consisted of three sequential ionization peaks, after the parent
peak (m/z 370), at m/z 335, 298 and 262 which corresponds to the loss of three chloride ions.
The remaining ion fragment m/z 251 could be C;3HyOCl, (M.W. 251). These metabolites are
considered to be hydroxyl substituents at meta- and ortho- positions on the phenyl ring resulting
from dehydration of the dihydrodiol metabolite (Focht, 1970; Furukawa, 1978). Metabolites
were not detected in extractions performed on the biotic and abiotic controls. This result
suggested that the hydroxylation occurred at the ortho- and meta-positions on the aromatic ring.
In addition, a yellow ring-cleavage product was observed in the supernatant, and showed a
maximum absorbance at 402 nm with, under acidic and basic conditions, similar
spectrophotometric characteristics as aromatic ring meta-cleavage products.

In the acid extract, one intermediate with a GC retention time of 8.0 min. and a mplecular
ion peak of m/z 156 and a base peak of m/z 139 (M*-OH) was detected. This product was
identified as 4-chlorobenzoic acid (4-CBA) by comparison to authentic standard which suggested
that 4-CBA is a ring-cleavage product fonned from DDT by strain AS. The 4-CBA was also
detected by TLC radiochemical scanning in sample from mineralization experiments by

comparison of Rf values of 14C-DDT intermediates and an authentic standard.
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This study indicates that DDT appears to be oxidized by a dioxygenase iﬁ Alcaligenes
eutrophus strain A5 and the products of this oxidation are subsequently subjected to ﬁng fission
to eventually yield 4-chlorobenzoic acid, via a meta-cleavage pathway, as a major stable
intermediate.

In addition to o,p-DDT, strain A3 also showed degradative ability to transform o,p™
DDT, p,p'- and 0,p-DDE, and p,p'- and 0,p-DDD. The yellow color was observed in all six
compounds, under the neutral and basic conditions. It is interesting to note that the yellow color
was not able to recover after acidification. The characteristic absorption maximum of the yellow
ring-fission products formed from different substrate are showing in Table 8. In a 7-day
transformation of p,p-DDT, a potential metabolite was determined as salicyl alcohol (m/z at 124
with base peak at 78) in the neutral extract by compared with NIST Mass Spectral Library. A
compound with a molecular ion peak of m/z at 156 was detected in both acid extracts of p,p'- and
0,p-DDE transformation study. These results suggested chlorobenzoates may serve as possible

metabolites in both cases. However, the true identity of the chlorobenzoates and other

Table 8. Characteristic absorption maximum of the yellow ring-fission

products formed from different chlorinated compounds by strain AS.

Substrate Absorption Maxima (nm)

Acid Neutral Base
pp-DDT - 402 402
o,p-DDT ' - 407 407
ppDDE - 402 402
o,p-DDE . 406 406
p.p-DDD - 410 412
o,p-DDD - 409 412

-: no detectable peak.
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metabolites is not determined at present time.

In the transformation experiment of chlorobenzilate by strain A5, two potential
metabolites were determined as 4,4’-dichlorobenzophenone (m/z at 250) and salicyl alcohol (m/z
at 124) by comparison with the mass spectra from NIST library. The latter compound, salicyl
alcohol, was also detected when hexachlorophene used as a substrate. Strain A5 also showed
ability to degrade dicofol to 4,4’-dichlorobenzophenone and 4-chlorobenzoate as determined by
comparison the mass spectra. In addition, strain A5 exhibited different degree of degradative
capability on the degradation of bifenox, methoxychlor, and perthane that determined by the GC
profiles of the transformation experiments. However, the identity of those compounds are not
resolved at present time.

The GC/MS results indicated that salicyl alcohol, 4,4'-dichlorobenzophenone and,
chlorobenzoate are common metabolites formed from DDT structure-like substrates. This
investigation also suggested that strain AS exhibits a great diversity degradative capability on the
degradation of DDT structure-like compounds and PCBs. In situ bioremediation on chlorinated
compounds in the future by strain A5 is predictable and feasible because its metabolic versatility
and the knowledge we have at the biochemical (current study) and molecular level (Mergeay,
1993).

3.9 Analysis of PCB Degradation. In addition to degrading biphenyl and
chlorpbiphenyl, Alcaligenes eutrophus A5 was able to cometabolize 16 of the congener peaks
from Aroclor 1242 (Table 9). The range of PCB congener rnetabolvism is better than many
biphenyl degrading bacteria but is not as wide as the strain Pseudomonas sp. LB400 (Mondello,

1989).
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Table 9. Degradation of Aroclor 1242 in resting cell assays by Alcaligenes eutrophus AS.

Peak # Congener Identification % Degradation®
1 2 nd
2 2,2',2,6 30
3 2,4;2,5 100
4 2,3' 100
5 2,3;24" 100
6 2,6,2' ' 0
7 2,5,2' 0
8 2,42, 4.4 0
9 2,3,6;2,6,3' 45
10 2,3,2",2,6,4' 25
11 2,5,3" 60
12 2,43 100
13 2,54 60
14 2,44 0
15 2,3,4;2,5,2',6' 80
16 2,3,4",2,4,2".6' 90
17 2,3,6,2' 0
18 2,3,2'.6' nd
19 2,5,2',5' 0
20 2,425 0
21 2,4,2' 4 0
22 2,4,5,2' 0
23 2,3,2',5' 0
24 3,44, 23,2 4 0
25 2,3,4,2";2,3,6,4';2,6,3".4' 0
26 2,3,2',3' 15
27 2,4,5,4' ' 20
28 2,534 ' 0
29 2,4,3',4'2,3,6,2",5' 15
30 2,3,6,2' 4 20
31 2,3,3'4', 23,44 80
32 2,3,6,2',3";2,3,5,2",5' 0
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33 2,3,52.4.2,4525 0
34 2,4,5,2 4 nd
35 2,452.3:23,5,62.6 0
36 23,425 0
37 23,424 0
38 23,6347 3,434 0
39 | 23,423 0
40 23,6245 2,4,53 .4 0
41 23,43 4" 23,4236 0

3percent degradation determined by comaparison to killed controls.
nd- not detected in this Aroclor 1242 standard.

To compare the relationship of the PCB degrading genes in A5 to other known PCB
degrading bacteria, colony hybridization experiments of A5 with gene probes from biphenyl
operon were performed (Layton, 1994). The bphBC gene probe from Pseudomonas
pseudoalcaligenes KF707 and the bphABC gene probe from Alcaligenes eutrophus ENV307 did
not hybridize to AS. A bphBC gene probe from Pseudomonas testosteroni B-356 hybridized
weakly to AS5. This indicates that the DNA sequences of the bph genes from AS differ from
other characterized biphenyl/PCB degrading bacteria such as Pseudomonas sp. LB400.

3.10 Dehalogenation of 4-Chlorobenzoate. When the strain Alcaligenes sp. A5 was
originally isolated it waé capable of mineralizing 4-CB to COy. Subsequently, A5 lost its ability
to mineralize 4-CB to CO2, but retained its ability to produce the metabolite 4-CBA. The loss in
ability to mineralize 4-CB was associated with a change in plasmid size from 50 Mdal to 35
Mdal (Shields, 1985; Burlage, 1990). Two other bacteria isolated from the same location, 1C1
(Pettigrew, 1990) and ALP83 (Layton,1992) have the capability of mineralizing 4-CB to CO

and contain plasmids similar to pSS50 from AS with the éxception of an additional 10 - 13 kb
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'inserts. The plasmids from 1C1 and ALP83 were designated as pSS60 and pSS70 respectively
and Belong the to incompatibility group P1, B subgroup (Burlage, 1990).

Restriction enzyme m;pping indicated that plasmids pSS50, pSS60 and pSS70 all contai;l
2.2 kb inverted repeat regions (Layton, 1992). In pSS60 and pSS70 these inverted repeats flank
the unique DNA fragment. DNA hybridization was used to demonstrate that the unique DNA
fragments in pSS60 and pSS70 cross hybridized.

In strain ALP83, pSS70 was unstable and the unique DNA fragment carried on pSS70
was easily lost. When colonies from ALP83 were hybridized with pSS50 and a cloned fragment
from pSS60 (B-3) two types of colonies were detected: 1) those that probed positive with both
pSS50 and B-3 and 2) those that probed positive only with pSS50. Individual colonies of strain
ALP83 obtained by selection of spontaneous mutants cultures on YEPG-rifampicin (50pug/ml)
agar plates. Plasmid DNA from these rifampicin mutants migrated as one or two bands after
electrophoresis through an agarose gel. The higher band was designated as pSS70 and the lower
band which comigrated with pSS50 was designated as pSS63.

Chloride release from 4-CBA was examined in strains carrying pSS50, pSS65 and pSS70
in order to correlate dechlorination of 4-CBA with the unique fragment carried on pSS70.
Arthrobacter sp. strain TM-1 was used as a positive control that dechlorinated 4-CBA wfthout
any accumulation of intermediates (Layton, 1992). Alcaligenes sp. strain A5 (pSS50) anci
AL3019 (pSS65) did not dechlorinate 4-CBA whereas ALP83 (pSS70) and AL3007 (pSS70) did
dechlorinate 4-CBA with an accumulation of 4-hydroxybenzoic acid (4-HBA).

These results demonstrated the 4-CB degrading stain ALP3 can degrade 4-CBA to 4-

HBA and that the dehalogenase activity is correlated with a 10 kb fragment carried on the
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plasmid pSS70. However, ALP83 did not metabolize 4-HBA, so 4-CBA alone does not provide

a good growth substrate.

4. CONCLUSION

The correlation between bioavailability and biodegradative capability in the environment
has always been a puzzle for bioremediation. Furthermore, the detection of biodegradative
activities in situ also has hampered biological site characterization. All of these due to lack of
proper tool(s) or method(s) that can be applied readily, specifically, and feasibly to the
environmental pollutants. However, the development and application of bioluminescent reporter
strains for continuously real-time monitoring the relationship between bacterial degradative
activities and bioavailability of environmental pollutants were examined in this study. The
results obtained from this investigation suggested that bioluminescent reporters can provide
continuous, and precise insight information on both molecular and physiological level. The more
important is that these bioreporters will not interrupt and compete with indigenous bacteria.

The versatility of the catabolic capability on the degradation of different higher molecular
PAHs by a NAH plasmid-mediated metabolism was also examined. The results obtained in this
study indicated that the NAH plasmid plays an important role on the biodegradation of PAHs.
Furthermore, the naphthalene degradation pathway serves an essential route for the study of
bacterial degradation pathway on PAHs. A similar observation was also obtained on the
bacterial degradation of chlorinated compounds by a PCB-degrader. These results suggested the
existence of common degradation pathway(s) used by bacteria on the degradation of

environmental hazardous wastes.
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The major outcomes of this investigation are listed as below:

(1) Both microbial and genetic ecology characterization of bacterial distributions in PAH
contaminated soils and creosote-contaminated soils.

(2) Demonstration of the naphthalene degradative genes were presented in all seven
PAH-contaminated soils, which used in this sthdy, via positiv hybridization with
nahA gene probe.

(3) Four non-NAH genotype naphthalene-degraders were identified and they may serve
as sources for new gene probes for monitoring distribution of indigenous bacteria
population.

(4) Application of nah-lux bioreporter for real-time monitoring environmental
pollutants’ bioavailability and bioremediation process(s) in situ.

(5) Development of two new bioreporter strains, fod-lux and biphenyl-lux, for monitoring
degradation activities of TCE and biphenyl in situ, respectively.

(6) Plasmid stability and reporter strain maintenance.

A. Plasmid stability:

e The segregational stability of pUTK21 was the best in SRL with 60% of the
culture retaining pUTK21 for 98 generations under non-selective conditions of
continuous culture.

e The pUTK21 plasmid was segregationally unstable in HK44 under non-
selective continuous culture conditions. The retention of pUTK21 in HK44

dropped to <1% of the total culture after 39 generations.
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e The segregationally stability of pUTK9 was shown to range frofn 67-95% in
RB1351 under non-selective continuous culture conditions.

e None of the reporter plasmid were maintained as well as the wild type
naphthalene biodegradation plasmid pKA1 (100% maintenance).

B. Strain maintenance:

e Reporter strain SRL is not maintained under competitive continuos culture
conditions

e Reporter strain RB1351 was maintained at low levels under competitive
continuous culture conditions.

e Reporter strain HK44 was maintained under competitive continuous culture
conditions when either allowed to attain steady state before competitors were
added or when added at cell concentrations higher than the competitor.

e None of the reporter strains were as competitive as the wild type strain 5R.

(7) Demonstration the degradation of naphthalene by Burkholderia cepacia JS150 was
through the gentisate pathway.

(8) Demonstration the catabolic versatility of NAH plasmid that present in strain 5R/5RL
on the degradation of different PAHs, such as anthracene, dibenzofuran, fluorene,
and phenanthrene etc.

C)) Demonstaration the bph genes in strain A5 showed a great diversity of degradative
capabilities on the degradation of chlorinated compounds, such as DDT; DDE,

DDD, and other chlorinated pesticides.
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