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Abstract Burkholderia sp. C3 can transform polycy-

clic aromatic hydrocarbons (PAHs), a class of ubiqui-

tous pollutants, through multiple pathways, indicating

existence of multiple dioxygenases (Seo et al., in

Biodegradation 18:123–131, 2006a). Both phn and

nag-like genes in C3 were cloned and identified with the

DNA sequence alignment and the gene organization in

the clusters. When cloned and expressed in Escherichia

coli, either the alpha- and beta-subunits of dioxygenase

of the phn genes or the ferredoxin-, alpha- and beta-

subunits of the nag-like genes transformed naphthalene,

phenanthrene and dibenzothiophene but at different

rates. The E. coli transformant containing the phn genes

transformed phenanthrene faster than that containing

the nag-like genes, which was consistent with higher

transcription of the phnAc gene than the nagAc-like

gene in C3 in response to phenanthrene. 1-Hydroxy-2-

naphthanoic acid (1H2NA) and 2-hydroxy-1-

naphthanoic acid (2H1NA) (3,4- and 1,2-dioxygenation

metabolites of phenanthrene, respectively) were

detected in the culture medium of the phn genes

transformed E. coli. The concentration of 1H2NA was

262-fold higher than 2H1NA in the medium of the phn

genes transformed E. coli. The results suggested that the

phn genes play a major role in 1,2-/3,4-dioxygenation

and 3,4-dioxygenation dominates. Twenty-eight PAH

degradation-associated enzymes including those

encoded by the nag-like and phn genes in phenan-

threne-grown C3 cells were identified via alignment of

amino acid sequences of the detected polypeptides with

those in protein databases. The polypeptides were

determined with nano liquid chromatography–ion trap

mass spectrometry after tryptic in-gel digestion of the

enzymes on 1D SDS-PAGE.
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Abbreviations

PAHs Polycyclic aromatic hydrocarbons

RHD Ring-hydroxylating dioxygenase

1H2NA 1-Hydroxy-2-naphthanoic acid

2H1NA 2-Hydroxy-1-naphthanoic acid

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class

of important pollutants primarily from incomplete

Electronic supplementary material The online version of
this article (doi:10.1007/s10532-011-9468-y) contains
supplementary material, which is available to authorized users.

P. Tittabutr � I. K. Cho � Q. X. Li (&)

Department of Molecular Biosciences and

Bioengineering, University of Hawaii at Manoa,

1955 East-West Road, Honolulu, HI 96822, USA

e-mail: qingl@hawaii.edu

P. Tittabutr

School of Biotechnology, Institute of Agricultural

Technology, Suranaree University of Technology,

Nakhon Ratchasima 30000, Thailand

123

Biodegradation (2011) 22:1119–1133

DOI 10.1007/s10532-011-9468-y

http://dx.doi.org/10.1007/s10532-011-9468-y


combustions. Bacteria can utilize PAHs as substrates.

The most important step of PAH metabolism is the

initial aromatic ring dioxygenation catalyzed by ring-

hydroxylating dioxygenases (RHDs). The RHDs are

commonly composed of a terminal dioxygenase iron

sulfur protein and an electron transport chain. The

former contains a large (a) subunit and a small (b)

subunit, while the latter contains a reductase subunit

and a ferredoxin subunit (Mason and Cammack

1992). Therefore, dioxygenase is a basic target for

genetic screening to detect PAH-degrading bacteria

(Laurie and Lloyd-Jones 2000; Moser and Stahl

2001).

Several groups of RHD genes are involved in the

early step of degradation of naphthalene or phenan-

threne in Gram-negative bacteria (Peng et al. 2008).

In the present study, we focused on two main groups

of genes, nah-like and phn genes that encode

dioxygenases. The nah-like genes show a high degree

of similarity (more than 90% amino acid identity) to

the nah gene. The nah gene was first isolated from

Pseudomonas putida strain G7 that can degrade

naphthalene (Simon et al. 1993). The substrate for

nah dioxygenases in P. putida is naphthalene and

salicylate, while the substrate for nah dioxygenases in

P. stutzeri is 2-methylnaphthalene. It was found that

naphthalene and phenanthrene can be substrates for

Nah dioxygenases in Comamonas testosterone GZ42

(Chauhan et al. 2008). In the present study, the

isolated nah-like genes from Burkholderia sp. C3,

recently isolated from PAH-contaminated soil (Seo

et al. 2007), showed high sequence similarity with

and gene organization similar to the nag gene cluster

of Ralstonia sp. U2. The nah-like genes cloned from

C3 were, therefore, called nag-like genes in the

present study. Another group of genes, phn was

originally isolated from Burkholderia sp. RP007 that

can use naphthalene, phenanthrene, and anthracene as

a sole source of carbon (Laurie and Lloyd-Jones

1999). The phn genes have a low degree of sequence

similarity with the nah-like genes including nag

genes. nah- and nag-like genes are mostly found in

Pseudomonas and Ralstonia strains, respectively.

Although multiple dioxygenase genes have been

reported in some species of Cycloclasticus (Geiselbr-

echt et al. 1998), Mycobacterium (Moody et al.

2001), and Sphingomonas (Romine et al. 1999), to

our knowledge there is no report on coexistence of

nag-like and phn genes in a Burkholderia sp.

Metabolic pathways of PAHs have been well

studied (Liu et al. 2010; Seo et al. 2009). Naphthalene

is degraded through 1,2-dioxygenation in most bac-

teria (Habe and Omori 2003), whereas 2,3-dioxygen-

ation has been reported in Bacillus thermoleovorans

Hamburg 2 (Annweiler et al. 2000). Dioxygenations

of phenanthrene can occur at 1,2-, 3,4- and 9,10-

positions. 3,4-Dioxygenation is the major catabolic

pathway of phenanthrene found in most bacteria,

while some reports describe 1,2- and 9,10-dioxygen-

ation, depending on the enzyme system found in each

bacterial strain (Balashova et al. 1999; Pinyakong

et al. 2000; Moody et al. 2001; Habe and Omori

2003; Seo et al. 2006b; Mallick et al. 2007).

Burkholderia sp. C3 grows rapidly and can degrade

phenanthrene via 3,4- and 1,2-dioxygenation (Seo

et al. 2006a), while Burkholderia species were

previously known to degrade phenanthrene only via

3,4-dioxygenation (Laurie and Lloyd-Jones 1999;

Kang et al. 2003). The genetic study of Burkholderia

sp. RP007 showed the dioxygenase enzyme encoded

by phn genes responsible for 3,4-dioxygenation of

phenanthrene (Laurie and Lloyd-Jones 1999). A

question is then which gene encodes the enzyme that

is responsible for 1,2-dioxygenation of phenanthrene

in C3. The objective of the present study was to

identify gene(s) and enzyme(s) that are responsible

for the dioxygenations of phenanthrene in C3. In the

absence of a genetic system for site-directed muta-

genesis in strain C3, we applied a combination of

DNA sequencing, cloning and expression in Esche-

richia coli, mass spectrometric analysis of metabo-

lites, and proteomics to improve our understanding of

the genes that allow strain C3 to carry out both 3,4-

and 1,2-dioxygenation of phenanthrene.

Materials and methods

Bacterial strains, plasmids and culture media

The bacterial strains and plasmids used in this study

are listed in Supporting Information 1 (SI1). Burk-

holderia sp. C3 and E. coli strains were grown in

Nutrient Broth (NB) at 28�C and Luria–Bertani Broth

(LB) at 37�C, respectively, until late log phase for

regular cell propagation, while Minimal Medium

(MM) (Bastiaens et al. 2000) was used as a basal

medium for PAH degradation experiments.
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Isolation of genomic DNA, plasmid DNA

and DNA sequencing

Genomic DNA and plasmid DNA were isolated

according to the standard procedures (Maniatis et al.

1982). DNA fragments were sequenced using a

primer-walking strategy, which the primers were

described in SI2.1. The ORF was identified via

BLAST search to compare the DNA sequence

similarity with the existing genes in NCBI database.

The DNA sequences were submitted to GenBank and

the accession numbers were GQ184726, GQ184727

and GQ184728 for pNag-13, pPhn-17 (part I) and

pPhn-17 (part II), respectively (Fig. 1).

Genomic DNA library construction and screening

of cosmid containing PAH-dioxygenase genes

The total genomic DNA of Burkholderia sp. C3 was

mechanically sheared to get the DNA fragments of

approximately 40 kb and then ligated into pWEBTM

cosmid vector (8,179 bp) (Epicentre Biotechnologies,

Wisconsin, USA). A total of 1,800 clones were

constructed for this library. The cosmid clones

containing PAH-dioxygenase genes were screened

using PCR with the primers nahAcfor and nahAcrev

for the nahAc gene and the primers P8073 and P9047

for the phnAc gene (Laurie and Lloyd-Jones 2000).

By using the primers nahAcfor and nahAcrev for the

nahAc gene, two positive clones were found. The two

positive clones had similar DNA patterns after

digestion with restriction enzyme, thus the longer

DNA inserted clone was selected. While using

primers P8073 and P9047 for the phnAc gene, one

positive clone was found.

Construction of E. coli transformants expressing

dioxygenase genes

The 2.4-kb region of the ORF4, ORF5 and ORF6

encoding ferredoxin, a- and b-subunits of dioxygen-

ase, respectively, from pNag-13 was PCR amplified

as one fragment and was cloned into pGEM-T vector

(Promega, Wisconsin, USA), named as pNfb

(Fig. 1a) (SI2.2). The 2.0-kb region of the ORF10

and ORF11 encoding a- and b-subunits of dioxygen-

ase, respectively, from pPhn-17 was PCR amplified

as one fragment and was cloned into pGEM-T vector,

Fig. 1 Schematic map and genetic organization of the isolated

PAH degrading genes from Burkholderia sp. C3 on pNag-13

(a) and pPhn-17 (b). The DNA fragments were sequenced via

the primer-walking strategy. Complete- and incomplete-open

reading frames (ORFs) are indicated by solid-arrow and dash-
arrow, respectively, and the direction of reading is indicated by

the arrowheads. The relative gene designation of each ORF is

indicated with italic letters. Restriction sites: B, BamHI; E,

EcoRI; H, HindIII; P, PstI. The cloning regions of 2.4- and 2.0-

kb into plasmid pNfb and pPab, respectively, are indicated with

the vertical dash-arrows
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named as pPab (Fig. 1b). The resulting plasmids were

separately transformed into E. coli JM109, where the

genes were expressed under the control of lac

promoter and induction by 1 mM IPTG.

Assays for indigo formation and PAH degradation

Burkholderia sp. C3 and E. coli transformants were

tested for indigo formation (Eaton and Chapman

1995) and degradation of different PAHs (SI2.3) (Seo

et al. 2006a). For PAH degradation tests, the cultures

(1 ml) were sampled at 0, 24, 48 and 72 h. PAHs

were then extracted and analyzed with gas chroma-

tography (GC) (SI2.4). All assays were done in

triplicate, and the testing media inoculated with the

E. coli containing pGEM-T vector alone and the

autoclaved C3 cells were used as controls. Transfor-

mation percentages are uncorrected.

Analyses of phenanthrene metabolites

To analyze phenanthrene metabolites, C3 and the E.

coli transformants were grown in the same manner as

that in the PAH degradation study except the

following modifications. A 250 ml aliquot of pre-

grown cells was inoculated to 1 l of phenanthrene-

supplemented (40 lg ml-1) MM media and

incubated for 3 days. After centrifugation of the

cultures, the metabolites 1-hydroxy-2-naphthoic acid

(1H2NA) and 2-hydroxy-1-naphthoic acid (2H1NA)

in the supernatant were extracted as previously

described (Seo et al. 2006a) and analyzed on an

Agilent 1200 series capillary liquid chromatograph

interfaced with a Bruker high resolution time-

of-flight quadrupole mass spectrometer (CapLC/mi-

crOTOF-Q) (SI2.5). The retention times (Rt) were

16.7 min for 2H1NA and 18.1 min for 1H2NA. NESI

MS of 1H2NA and 2H1NA (C11H8O3): m/z 187.056

[M–H]-, calculated, 187.040 [M–H]-. All other

metabolites were previously identified and character-

ized with GC–MS (Seo et al. 2006a).

Quantitation of the transcription of nag-like

and phn genes in C3

Total RNA was extracted with RNeasy Protect

Bacteria Mini kit (Qiagen, Duesseldorf, Germany)

from cultures of the C3 cells grown in MM media

supplemented with 80 lg ml-1 of phenanthrene,

naphthalene, 1H2NA, or 2H1NA, or 0.1% (w/v)

glucose at 6, 12, 24, 36, 48, and 72 h. An aliquot of

1 lg RNA was used for reverse transcription using

cDNA Reverse Transcription Kit (Applied Biosys-

tems, California, USA). The cDNA product was

diluted to 1:10 prior to the quantitative PCR (qPCR)

assay, where the qPCR standards were prepared (Yin

et al. 2001) and the qPCR procedure is detailed in

SI2.6.

Protein extraction and analysis

To extract proteins, C3 cells were grown in MM

media (1200 ml) supplemented with 80 lg ml-1

phenanthrene or 0.1% (w/v) glucose (control) for

36 h. The cells were harvested by centrifugation at

60009g for 20 min, washed twice with 40 mM Tris–

HCl (pH 7.4) and resuspended in lysis buffer [40 mM

Tris–HCl, pH 7.4, 5 mM dithiothreitol (DTT), and

1 mM PMSF] containing complete protease inhibitor

cocktail tablets (one tablet in 50 ml lysis buffer)

(Roche Diagnostics, Mannheim, Germany). The cells

were disrupted with an ultrasonic MicrosonTM cell

disruptor (Misonix, New York, USA) with full power

for 40 s and 1 min cooling period for ten repeated

times on ice. The cell debris was removed by

centrifugation at 150009g for 40 min. The concen-

tration of total soluble proteins from cell lysate was

determined with Coomassie protein assay kit (Pierce,

Illinois, USA). An approach of one dimensional gel

electrophoresis coupled with LC (GE-LC) was taken

to separate proteins in the GE step and tryptic

peptides in the LC step followed by detection of the

peptides on a Dionex UltiMateTM 3000 nano LC

interfaced with a Bruker esquireHCTultra ion trap

mass spectrometer (LC-ITMS) in nanoelectrospray

mode. The method of SDS-PAGE and protein in-gel

digestion was modified from Lee et al. (2007) as

described in SI2.7.

The digested peptides were analyzed in triplicate

with LC-ITMS (Lee et al. 2007). MS/MS spectra were

interpreted with Mascot (Matrix Science, London,

UK) via Biotools 2.2 software (Bruker); and peptide

mass fingerprint (PMF) searches were performed with

the Swiss-Prot and MSDB databases through the

Mascot server. Peptides were assumed to be monoi-

sotopic, oxidized at methionine residues and carb-

amidomethylated at cysteine residues. Up to one

missed trypsin cleavage was allowed, although
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matches that contained any missed cleavages were not

noticed. Mass tolerance was set at 1.0 Da. Probability-

based molecular weight search (MOWSE) scores

were estimated by comparison of search results

against estimated random match populations and

were reported as: 10 9 log10(P), where P is the

absolute probability. Scores in Mascot larger than the

MOWSE score at P = 0.05 were considered statisti-

cally significant, meaning that the probability of the

match being a random event is lower than 0.05. The

algorithm used for determining the probability of a

false-positive match with a given mass spectrum is

well described by Elias et al. (2005). The false-

positive rate (FPR) was estimated to be smaller than

2% [FPR = FP/(FP ? TP), where FP is the number

of FPR hits; TP is the number of true-positive hits].

Only proteins identified with at least two peptide hits

(P B 0.0025) in triplicate analyses, with each peptide

containing two tryptic termini, were accepted. In

addition, the MS/MS spectra of all positively identi-

fied peptides were manually confirmed twice.

Protein profiles of the treatment samples were

compared with those of the appropriate control sam-

ples. Detection of a protein in the treatment sample but

not in the control is referred to as up-expression/

production of the protein whereas absence of a protein

in the treatment sample but presence in the control is

referred to as down-expression/production of the

protein.

Results

Isolation of nag-like and phn gene clusters

from Burkholderia sp. C3 and sequence analysis

Two clones carrying a cosmid, pNag-13 and pPhn-17,

were selected from the genomic DNA library of C3.

The enzymatic restriction assay revealed that DNA

fragments that were ligated into pWEBTM cosmid

had 35 and 33.2 kb for pNag-13 and pPhn-17,

respectively. In the present study, 8417 bp were

sequenced on pNag-13 and nine complete open

reading frames (ORFs) were identified (Fig. 1a).

The nucleotide sequences of these genes were more

than 90% identity with nag genes of Ralstonia sp.

U2; and the organization of these genes in the cluster

was identical to that of the nag genes. The analyses of

the ORFs revealed that these clusters of genes were

mostly involved in the upper pathways of naphtha-

lene catabolism (Table 1). The genes in pNag13

were, therefore, called nag-like genes. Two parts of

the DNA fragment in pPhn-17 (part I, 3786 bp; part

II, 7965 bp) were sequenced. Part I contained three

complete and two incomplete ORFs (Fig. 1b). These

proteins may be involved in the lower pathways of

naphthalene catabolism, which includes transforma-

tion of salicylate via gentisate to tricarboxylic acid

(TCA) cycle intermediates (Table 2). Part II con-

tained six complete and one incomplete ORFs

(Fig. 1b). These genes were 100% identity to phn

genes of Burkholderia sp. RP007 and are probably

related to the upper pathways of phenanthrene

degradation in RP007 (Table 3). These co-existent

genes imply a connection between catabolic path-

ways of naphthalene and phenanthrene in Burkholde-

ria sp. C3.

Transformation of PAHs by the constructed E.

coli containing nag-like and phn genes from C3

The E. coli harboring pNfb or pPab could oxidize

indole to indigo. While Burkholderia sp. C3 degraded

phenanthrene, naphthalene, carbazole, dibenzofuran,

biphenyl, dibenzothiophene and carbaryl, the two

E. coli transformants harboring pNfb or pPab trans-

formed naphthalene, phenanthrene and dibenzothio-

phene (Table 4). The pPab E. coli containing the phn

genes transformed phenanthrene more efficiently than

the pNfb one containing the nag-like genes (89 vs.

54%). However, the pNfb E. coli transformed naph-

thalene completely in 2 days (data not shown), which

was faster than the pPab E. coli that transformed

naphthalene completely in 3 days. Both E. coli

constructs transformed 64–73% of dibenzothiophene

in 7 days. The results indicate the substrate prefer-

ence of the enzymes.

Transcription of nag-like and phn genes

in response to phenanthrene and other substrates

in Burkholderia sp. C3

Naphthalene induced a higher level of transcription

of nagAc-like gene than phenanthrene and its metab-

olites 1H2NA and 2H1NA since early log phase (at

and before 48 h) (Fig. 2). The nagAc-like gene was

significantly transcribed after mid log phase (at and

after 36 h) of exposure to phenanthrene, which
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reached the same level as that induced by naphtha-

lene at 72 h. The phnAc gene was transcribed at a

higher level than the nagAc-like gene in response to

all the substrates relative to glucose. Phenanthrene

induced the transcription of phnAc gene stronger than

the other substrates. Upon exposure to phenanthrene,

Table 1 Genes identified on the pNag-13 fragment (8417 bp) of Burkholderia sp. C3 (accession number GQ184726)

ORFa Nucleotide

position

No. of

nucleotides

Closely relative

genes, bacteria

No. of

aâb
% aâ

identity

Highly matched proteins (accession number)

1 1–984 984 dntAa, Burkholderia cepacia 328 96 Ferredoxin reductase, Ralstonia sp. U2

(AAD12606.1)

nbzAa, Comamonas sp. JS765 DntAa, B. cepacia (AAL50024.1)

ntdAa, Pseudomonas sp. 96

nagAa, Ralstonia sp. U2.

2 1037–2296 1260 nagG, Ralstonia sp. U2 420 97 Salicylate-5-hydroxylase large oxygenase

component, Ralstonia sp. U2

(AAD12607.1)

93 Orf2, Burkholderia sp. RASC (AAB09764.1)

3 2302–2784 483 nagH, Ralstonia sp. U2 161 96 Cryptic oxygenase beta-subunit, B. cepacia
(AAL50023.1)

95 Salicylate-5-hydroxylase small oxygenase

component, Ralstonia sp. U2

(AAD12608.1)

4 2799–3110 312 dntAb, Burkholderia sp. DNT,

and B. cepacia,
104 100 Ferredoxin, DntAb, Burkholderia cepacia

(AAL50022.1)

nagAb, Ralstonia sp. U2 100 2,4-DNT dioxygenase; DntAb, Burkholderia
sp. DNT ferredoxin component

(AAS09911.1)

5 3198–4538 1341 pahAc, Comamonas
testosteroni

447 96 Polyaromatic hydrocarbon dioxygenase large

subunit, C. testosteroni (AAF72976.1)

nagAc, Ralstonia sp. U2 96 Naphthalene 1,2 dioxygenase large

oxygenase component, Ralstonia sp. U2

(AAD12610.1)

6 4556–5137 582 dntAd, B. cepacia and

Burkholderia sp. DNT

194 95 2,4-DNT dioxygenase; DntAd, Burkholderia
sp. DNT (AAS09912.1)

nbzAd, Comamonas sp. JS765 94 Naphthalene 1,2 dioxygenase small

oxygenase component, Ralstonia sp. U2

(AAD12611.1)
nagAd, Ralstonia sp. U2

7 5207–5983 777 pahB, C. Testosteroni 259 94 cis-Naphthalene dihydrodiol dehydrogenase-

like protein, C. testosteroni (AAF72978.1)

nagB, Ralstonia sp. U2 94 cis-Naphthalene dihydrodiol dehydrogenase,

Ralstonia sp. U2 (AAD12612.1)

8 6035–7483 1449 nagF, Ralstonia sp. U2 483 96 Salicylaldehyde dehydrogenase, Ralstonia
sp. U2 (AAD12613.1)

95 Salicylaldehyde dehydrogenase,

Polaromonas naphthalenivorans CJ2

(AAZ93391.1)

9 7512–8417 906 nagC, Ralstonia sp. U2 302 97 1,2-Dihydroxynaphthalene dioxygenase, P.
naphthalenivorans CJ2 (AAZ93392.1)

95 1,2-Dihydroxynaphthalene dioxygenase,

Ralstonia sp. U2 (AAD12614.1)

a ORF open reading frame
b aâ amino acid
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the transcription of the phnAc gene increased grad-

ually and reached the highest level at 48 h followed

by a decrease at 72 h of culturing.

phn Genes responsible for 1,2- and 3,4-

dioxygenation of phenanthrene in Burkholderia

sp. C3

Concentrations of the metabolites 2H1NA and

1H2NA were 0.06 and 7.55 mg l-1, respectively, in

the C3 cultures (SI3). The two index metabolites

were also detected in the culture of the E. coli

transformant harboring pPab (phnAcAd) (ORF10 and

ORF11 in pPhn-17) at concentrations of 0.004 and

1.05 mg l-1 for 2H1NA and 1H2NA, respectively,

but not in that harboring pNfb. The results demon-

strate that the dioxygenase a- and b-subunits encoded

by phnAcAd are responsible for the 1,2- and 3,4-

dioxygenation of phenanthrene although there may be

also other genes and pathways operating in C3.

Dioxygenases encoded by the nag-like genes may

also catalyze the 1,2- and/or 3,4-dioxygenation of

phenanthrene, but the degradation rate of phenan-

threne would be too low to produce detectable levels

of 2H1NA and 1H2NA, or the degradation rate of

2H1NA and 1H2NA would be too fast to detect them.

Differential proteomics examination of PAH-

degrading enzymes in Burkholderia sp. C3

in the presence of phenanthrene and glucose

Twenty-eight proteins associated with PAH catabolism

were detected in C3 in the presence of phenanthrene, but

not in the presence of glucose (Table 5). Twelve of the

28 proteins could be assigned to the associated steps in

the proposed phenanthrene catabolism pathways based

on the functions reported in the literature (Fig. 3). The

1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase

Table 2 Genes identified on the pPhn-17 fragment part I (3786 bp) of Burkholderia sp. C3 (accession number GQ184727)

ORFa Nucleotide

position

No. of

nucleotides

Closely relative genes,

bacteria

No. of

aâb
% aâ

identity

Highly matched proteins (accession number)

1c 1–477 477 ndsA, Pigmentiphaga
sp. NDS-2

159 67 Reductase component of salicylate

5-hydroxylase, Pigmentiphaga sp. NDS-2

(BAC53589.1)

nagAa, Ralstonia sp. U2 64 Ferredoxin reductase, Ralstonia sp. U2

(AAD12606.1)

2 493–1533 1041 sgpI, Pseudomonas
putida

347 69 Gentisate 1,2-dioxygenase, Leptothrix
cholodnii SP-6 (ACB33071.1)

nagI, Ralstonia sp. U2 68 Gentisate 1,2-dioxygenase, Polaromonas sp.

JS666 (ABE42935.1)

3 1559–2254 695 sgpK, P. putida 232 74 Fumarylacetoacetate (FAA) hydrolase,

Polaromonas sp. JS666 (YP_547834.1)

nagK, Ralstonia sp. U2 60 Fumarylpyruvate hydrolase, Pseudomonas
entomophila L48 (YP_608192.1)

4 2280–3533 1254 nagG, R. solanacearum
GMI1000

418 79 Putative salicylate-5-hydroxylase large

oxygenase component oxidoreductase

protein, R. solanacearum GMI1000

(NP_519211.1)

nagG, Ralstonia sp. U2 78 Salicylate-5-hydroxylase large oxygenase

component, Ralstonia sp. U2 (AAD12607.1)

5c 3538–3786 249 nagH, R. eutropha H16 83 78 Aromatic ring hydroxylating dioxygenase beta

subunit, Variovorax paradoxus S110

(YP_2947216.1)

nagH, Ralstonia sp. U2 69 Salicylate-5-hydroxylase small oxygenase

component, R. eutropha H16 (YP_726132.1)

a ORF open reading frame
b aâ amino acid
c Incomplete open reading frame
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(NahB), 1,2-dihydroxynaphthalene dioxygenase (NahC)

and 1,2-dihydroxybenzylpyruvate aldolase (NahE)

were expressed from the nah-like gene cluster and

are responsible for degradation of naphthalene ana-

logs. Other detected enzymes include salicylaldehyde

dehydrogenase (NagF) that converts salicylaldehyde to

salicylic acid, salicylate hydroxylase (Nah), and cate-

chol 1,2-dioxygenase (CatA1). The other up-expressed

enzymes that directly contribute to phenanthrene

degradation in C3 include dioxygenase b-subunit

Table 3 Genes identified on the pPhn-17 fragment part II (7965 bp) of Burkholderia sp. C3 (accession number GQ184728)

ORFa Nucleotide

position

No. of

nucleotides

Closely relative

gene, bacteria

No. of

aâb
% aâ

identity

Highly matched proteins (accession number)

6c 1–1022 1022 phnF, Burkholderia
sp. RP007

340 100 Dehydrogenase PhnF, Burkholderia sp.

RP007 (AAD09868.1)

7 1076–2065 990 phnE, Burkholderia
sp. RP007

330 100 Hydratase/aldolase PhnE, Burkholderia sp.

RP007 (AAD09869.1)

8 2483–3307 825 phnC, Burkholderia
sp. RP007

275 100 Extradiol dioxygenase PhnC, Burkholderia
sp. RP007 (AAD09870.1)

9 3342–3929 588 phnD, Burkholderia
sp. RP007

196 100 Isomerase PhnD, Burkholderia sp. RP007

(AAD09871.1)

10 3995–5344 1350 phnAc, Burkholderia
sp. RP007

450 100 Dioxygenase alpha subunit PhnAc,

Burkholderia sp. RP007 (AAD09872.1)

11 5409–5993 585 phnAd, Burkholderia
sp. RP007

195 100 Dioxygenase beta subunit PhnAd,

Burkholderia sp. RP007 (AAD09873.1)

12 6079–6894 816 phnB, Burkholderia
sp. RP007

272 100 Dihydrodiol dehydrogenase PhnB,

Burkholderia sp. RP007 (AAD09874.1)

a ORF open reading frame
b aâ amino acid
c Incomplete open reading frame

Table 4 Transformation percentage of various PAHs by Burkholderia sp. C3 and E. coli transformants harboring pNfb (nag-like

genes) and pPab (phn genes)

PAHs Culturing time (day) Percentage of PAH transformationa

Living C3 Autoclaved C3 E. coli transformantsb

nag-like genes phn genes pGEM-T vector

Phenanthrene 3 100 ± 0 15 ± 6 54 ± 10 89 ± 6 30 ± 13

Naphthalene 3 100 ± 0 45 ± 27 100 ± 0 100 ± 0 25 ± 20

Carbazole 7 37 ± 2 0 ± 0 3 ± 3 6 ± 0 8 ± 0

Dibenzofuran 7 47 ± 9 0 ± 0 0 ± 0 0 ± 0 1 ± 2

Biphenyl 7 87 ± 1 2 ± 3 13 ± 1 11 ± 1 9 ± 4

Dibenzothiophene 7 94 ± 2 26 ± 2 64 ± 12 73 ± 5 1 ± 1

Carbaryl 7 30 ± 3 5 ± 1 0 ± 0 0 ± 0 1 ± 1

Heptachlor 7 10 ± 6 0 ± 0 2 ± 3 8 ± 0 0 ± 0

Indigoc ??? ndd ? ? -

a PAH concentration decrease as percentage after cultivation in comparison with the initial concentration supplemented at

40 lg ml-1. The concentrations of the PAHs in the culture medium were determined with GC after solvent extraction (SI2.4). The

samples were collected after 0, 1, 2, 3 and 7 days of cultivation. The data presented were after 3 days of cultivation for phenanthrene

and naphthalene and after 7 days for the other PAHs. All degradation tests were in triplicate
b E. coli transformants harbored pNfb (nag-like genes), pPab (phn genes) or pGEM-T vector (no inserted genes)
c Indigo color forming: ??? dark blue, ? pale blue, - no color
d nd not determined
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(PhnAd), dihydrodiol dehydrogenase (PhnB), 3,4-di-

hydroxyphenanthrene dioxygenase (PhnC), 2-carboxy-

benzaldehyde dehydrogenase (Phn), dehydrogenase

(PahB), and trans-O-hydroxybenzylidenepyruvate

hydratase-aldolase (PahE). In addition, proteins respon-

sible for electron transport systems were up-expressed

in C3 cells in the presence of phenanthrene relative to

the cells in the presence of glucose-grown C3 cells. The

results confirmed the expression of enzymes from nag-

like and phn gene clusters and the multiple catabolic

pathways of phenanthrene in C3.

Discussion

Co-existence of nag-like and phn genes in C3

Burkholderia sp. C3 contains nag-like and phn genes

(Fig. 1). Although the multiple dioxygenase genes

have been reported in various species (Geiselbrecht

et al. 1998; Romine et al. 1999; Moody et al. 2001),

this is the first report of identification of nag-like and

phn genes in a Burkholderia sp. One question is how

the two genes relate to each other and function for

phenanthrene degradation in C3.

The gene sequences in the operon of cloned nag-

like genes from C3 are highly similar to the nag

genes. The organization of cloned nag-like genes in

C3 is the same as the nag genes. The nag genes are

present in Ralstonia sp. U2 and are involved in

naphthalene degradation (Fuenmayor et al. 1998).

The genes nagG and nagH encoding salicylate-

5-hydroxylase a- and b-oxygenase components,

respectively, are inserted between nagAa and nagAb

that encode for ferredoxin reductase and ferredoxin of

electron transport system, respectively (Fig. 1a;

Table 1). This gene organization pattern is also

similar to the nah operon in Comamonas testosteroni

GZ42, which is responsible for naphthalene and

phenanthrene degradation (Goyal and Zylstra 1997).

It has been reported that the nag operon contains

genes responsible for conversion of naphthalene to

gentisate (Zhou et al. 2001). Moreover, ORF2 and

ORF3 in pPhn-17 encode proteins similar to NagI and

NagK, respectively (Fig. 1b; Table 2), which are

involved in the conversion of gentisate to fumarate-

pyruvate (Zhou et al. 2001). Therefore, the nag-like

genes in C3 seem to play a role on catabolism of

naphthalene and its structural analogs such as 1H2NA

and 2H1NA.

The sequences and operon organization of the phn

genes in C3 are the same as the phn operon in

Burkholderia sp. RP007 (Laurie and Lloyd-Jones

1999). This phn gene may commonly exist in

phenanthrene degrading Burkholderia species, while

the nag-like operon in C3 might come from gene

transfer. Although there is no direct evidence in the

present study, the horizontal gene transfer occurs

naturally among soil bacteria and plays an important

role in the microbial evolution. Transfers of biodeg-

radation genes were well proven (Matheson et al.

1996; Herrick et al. 1997; Wilson et al. 2003;

Ma et al. 2006). The transposition was suggested as

a major mechanism of gene transfer and rearrange-

ment of catabolic genes in the chromosome (Herrick

et al. 1997). Interestingly in the sequence of nag

operon within Ralstonia sp. U2, a gene encoding a

transposase is located at 1,350 nucleotides away from
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Fig. 2 Transcription level of nagAc-like (a) and phnAc
(b) genes in Burkholderia sp. C3 determined with the

quantitative PCR assay at different sampling times (6, 12, 24,

36, 48 and 72 h) in response to different substrates and

metabolites. Glc glucose, Phe phenanthrene, Nap naphthalene,

1H2NA 1-hydroxy-2-naphthanoic acid, 2H1NA 2-hydroxy-1-

naphthanoic acid. The reactions were run in triplicate. The

standard curves were constructed via running the reactions of

known numbers of copies of each gene. The transcription

levels were calculated as the numbers of gene copies per ng of

total RNA at a specific time
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Table 5 Up-expressed PAH degradation enzymes and their functions in Burkholderia sp. C3 exposed to phenanthrene for 36 h

in comparison with that exposed to glucosea

Protein nameb No. of

matched

peptides

Mascot score

(value

P = 0.05)

Accession

number

Bacterial

species

Biological functionc

1,2-Dihydroxy-1,2-

dihydronaphthalene

dehydrogenase (NahB)

3 58 (31) P0A169 Pseudomonas putida Aromatic compound

metabolism; naphthalene

degradation

1,2-Dihydroxynaphthalene

dioxygenase (NahC)

2 57 (31) Q938R8 Pseudomonas
fluorescens

Extradiol ring-cleavage

enzyme of naphthalene

degradation pathway

1,2-Dihydroxybenzylpyruvate

aldolase (NahE)

3 80 (31) Q9ZI68 Pseudomonas
stutzeri

Naphthalene-degradation

upper pathway

Salicylate hydroxylase (Nah) 5 74 (30) A9CIX0 Agrobacterium
tumefaciens C58

Naphthalene-degradation

lower pathway,

monooxygenase activity

Salicylaldehyde dehydrogenase

(NagF)

2 54 (30) O85031 Ralstonia sp. U2 Naphthalene degradation

pathway, conversion of

naphthalene to gentisate

Dihydrodiol dehydrogenase

(PhnB)

2 61 (29) Q9ZHH1 Burkholderia sp.

RP007

Phenanthrene degradation

pathway

Dioxygenase beta subunit (PhnAd) 2 49 (29) Q9ZHH2 Burkholderia sp.

RP007

Phenanthrene degradation

pathway

3,4-Dihydroxyphenanthrene

dioxygenase (PhnC)

3 73 (30) Q9WXH5 Alcaligenes faecalis Phenanthrene degradation

pathway

2-Carboxybenzaldehyde

dehydrogenase (Phn)

3 45 (30) Q9WXH4 A. faecalis Phenanthrene degradation

pathway

Dehydrogenase (PahB) 2 55 (30) Q51496 Pseudomonas
aeruginosa

Aromatic compound

metabolism

Trans-O-

hydroxybenzylidenepyruvate

hydratase-aldolase (PahE)

4 96 (31) P0A142 P. aeruginosa Aromatic compound

metabolism; naphthalene

degradation

Biphenyl dioxygenase subunit

alpha(Biphenyl 2,3-dioxygenase,

BphA)

4 52 (31) Q52028 P.
pseudoalcaligenes

Biphenyl degradation

Ferredoxin reductase (BphA4) 2 57 (31) Q9K529 Pseudomonas sp. B4 Biphenyl degradation

cis-2,3-Dihydrobiphenyl-2,3-diol

dehydrogenase (BphB)

2 49 (28) Q46381 Comamonas
testosteroni

Biphenyl degradation

Biphenyl dioxygenase system

ferredoxin-NAD(?) reductase

component (BphG)

4 68 (28) P37337 Burkholderia
xenovorans LB400

Biphenyl degradation,

electron transfer

component of biphenyl

dioxygenase

P-Hydroxybenzoate hydroxylase

(4-hydroxybenzoate

3-monooxygenase, PobA)

4 45 (28) Q03298 Acinetobacter sp.

ADP1

Aromatic compound

metabolism; benzoic acid

degradation via

hydroxylation

Phenoxybenzoate dioxygenase

subunit beta (PobB)

2 56 (28) Q52186 P.
pseudoalcaligenes

Aromatic compound

metabolism;

carboxydiphenyl ether

degradation

2-Halobenzoate 1,2-dioxygenase

large subunit (CbdA)

3 41 (32) Q51601 Burkholderia
cepacia

Benzoate degradation via

CoA ligation

2-Halobenzoate 1,2-dioxygenase

small subunit (CbdB)

2 47 (32) Q51602 B. cepacia Benzoate degradation via

CoA ligation
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the end of nag operon (nagN) (Zhou et al. 2001).

Thus, genes from nag operons could possibly be

transferred from Ralstonia sp. U2 to other soil

bacteria through the mechanism of transposition.

PAH degradation by nag-like and phn genes

encoded RHDs in C3

Although RHDs are multi-component enzymes, the

recombinant dioxygenases of nag-like and phn genes

from C3 in this study can transform PAHs in the

transformed E. coli even the recombinant dioxygenase

lack of reductase-subunit in pNfb or lack of both

ferredoxin- and reductase-subunit in pPab (Fig. 1;

Table 4). Simon et al. (1993) suggested that E. coli

contain a non-specific electron transport system, which

could function as the ferredoxin- and reductase-subunit

for the recombinant dioxygenase. The nag-like and phn

encoded RHDs from C3 in the E. coli transformants

can completely degrade naphthalene within 3 days and

64–73% of dibenzothiophene in 7 days (Table 4). The

E. coli transformants possessing Nag- and Phn-diox-

ygenases transformed 54 ± 10 and 89 ± 6% of phen-

anthrene, respectively, in 3 days. It is shown that

Table 5 continued

Protein nameb No. of

matched

peptides

Mascot score

(value

P = 0.05)

Accession

number

Bacterial

species

Biological functionc

2-Halobenzoate 1,2-dioxygenase

electron transfer component

[Includes: Ferredoxin;

Ferredoxin-NAD(?) reductase]

(CbdC)

3 42 (32) Q51603 B. cepacia Benzoate degradation via

CoA ligation, Electron

transfer component of

2-halobenzoate 1,2-

dioxygenase system

3-Phenylpropionate dioxygenase

ferredoxin-NAD(?) reductase

component (HcaD)

2 48 (32) P77650 Escherichia coli Aromatic compound

metabolism;

3-phenylpropionic acid

degradation

Benzene 1,2-dioxygenase system

ferredoxin-NAD(?) reductase

component (BnzD)

4 76 (30) P08087 Pseudomonas putida Aromatic compound

metabolism; benzene

degradation. Electron

transfer component of

benzene 1,2-dioxygenase

Ferredoxin reductase component

of dioxygenase (AhdA4)

2 46 (28) Q83VI9 Sphingomonas sp.

P2

Phenanthrene degradation

pathway

3-Chlorobenzoate-3,4-

dioxygenase oxygenase subunit

(CbaA)

3 58 (31) Q44256 C. testosteroni Aromatic compound

metabolism

2,3-Dihydroxybiphenyl 1,2-

dioxygenase(DmdC)

2 50 (30) Q9KWI2 Pseudomonas
paucimobilis

Aromatic

hydrocarbons catabolism

Catechol 1,2-dioxygenase (CatA1) 4 49 (30) Q8GAY6 Burkholderia sp.

TH2

Catechol catabolic process

Aldehyde dehydrogenase (AlkH) 3 44 (30) P12693 Pseudomonas
oleovorans

Hydrocarbon metabolism;

alkane degradation

1,2-Dihydroxy-1,2-

dihydronaphthalene

dehydrogenase (DoxE)

2 41 (30) P0A170 Pseudomonas sp.

C18

Aromatic compound

metabolism; naphthalene

degradation

a Protein profiles in Burkholderia sp. C3 exposed to phenanthrene for 36 h were compared with those exposed to glucose as a

control. Detection of a protein in the phenanthrene-fed cells but not in the glucose-fed cells is referred to as up-expression/production

of the protein
b Proteins in triplicate samples were extracted, separated on 1D SDS-PAGE and digested in the gel with trypsin. The digested

peptides were determined in triplicate with LC-ITMS. MS/MS spectra were interpreted with Mascot via Biotools 2.2 software; and

PMF searches were performed with the Swiss-Prot and MSDB databases through the Mascot server for protein identification
c Protein functions were proposed based on the information found in the Swiss-Prot and MSDB databases

Biodegradation (2011) 22:1119–1133 1129

123



OH

OH

OH

OH

O

OH
COOH

COOH

OOH

OH

CHO

OH

COOH

COOH

CHO

COOH

COOH

OH

OH

OH

OH

O

COOH
OH

OH

O COOH

CHO

OH

COOH

OH

OH

OH

O
OH

OH

COOH

O

OH

CHO

OH

COOH

OH

OH

OH

OH

COOH

COOH

OH

COOHOH

COOH

COCOOH
OH

CH3

O

HOOC

COOH

COOH

COOH

O

+

       pPhn-17 
(orf 10, 11)

1,2-dioxygenation 3,4-dioxygenation

pNag-13 (orf 4, 5, 6)

pPhn-17 (orf 10, 11)

pPhn-17 (orf 12) 
dihydrodiol 
dehydrogenase 
(PhnB)

2-carboxybenzaldehyde 
dehydrogenase (Phn)

pNag-13 (orf7) 
1,2-dihydroxy-1,2- 
dihydronaphthalene 
dehydrogenase (NahB); 
dehydrogenase (PahB)

pNag-13 (orf9) 
1,2-dihydroxynaphthalene 
dioxygenase (NahC)

1,2-dihydroxybenzylpyruvate 
aldolase (NahE); 
Tran-o-hydroxybenzylidene 
pyruvate hydratase aldolase 
(PahE)

pNag-13 (orf 8) 
salicylaldehyde 
dehydrogenase 
(NagF)

catechol 1,2-dioxygenase 
(CatA1)

pNag-13 (orf 1, 2, 3, 4)

pPhn-17 (orf 2)

pPhn-17 (orf 3)

      pPhn-17  
(orf 10, 11)

pPhn-17 (orf 8) 
extradiol 
dioxygenase 
(PhnC)

pPhn-17 (orf 9)

pPhn-17 (orf 7)

pPhn-17 (orf 6)

PhnAdPhnAd

Phenanthrene

Naphthalene

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)(13)

(14)

(15)

(16)

(17)

(18)

(24)

(25)

(19)

(20)

(21)

(22) (23)

(26)

(27)

(28)

salicylate 
hydroxylase 
(Nah)

COCOOH

COOH

OH

COOH

COOH

Fig. 3 Proposed catabolic pathways of phenanthrene and

naphthalene by Burkholderia sp. C3. Genes located on pNag-13

and pPhn-17 are indicated in italic; and enzymes detected with

LC-ITMS are indicated in bold in the pathways. Compounds

presented in the pathways are (1) cis-3,4-dihydroxy-3,4-dihydr-

ophenanthrene; (2) 3,4-dihydroxyphenanthrene; (3) 2-hydroxy-

2H-benzo[h]chromene-2-carboxylic acid; (4) 4-(1-hydroxy-2-

naphthyl)-2-oxobut-3-enoic acid; (5) 1-hydroxynaphthalene-2-

carboxaldehyde; (6) 1-hydroxy-2-naphthoic acid; (7) cis-1,2-

dihydroxy-1,2-dihydrophenanthrene; (8) 1,2-dihydroxyphe-

nanthrene; (9) 3-hydroxy-3H-benzo[f]chromene-3-carboxylic

acid; (10) 4-(-2-hydroxy-1-naphthyl)-2-oxobut-3-enoic acid;

(11) 2-hydroxy-1-naphthaldehyde; (12) 2-hydroxy-1-naphthoic

acid; (13) cis-naphthalene dihydrodiol; (14) 1,2-dihydroxynaph-

thalene; (15) 2-hydroxy-2H-chromene-2-carboxylic acid; (16)

trans-O-hydroxybenzylidenepyruvic acid; (17) salicylaldehyde;

(18) salicylic acid; (19) gentisic acid; (20) maleylpyruvic acid;

(21) fumarylpyruvic acid; (22) pyruvic acid; (23) fumaric acid;

(24) catechol; (25) cis,cis-muconic acid; (26) trans-20-carboxy-

benzalpyruvic acid; (27) 2-carboxybenzaldehyde; (28) phthalic

acid. All metabolites were identified with GC–MS (Seo et al.

2006a). In addition, the metabolites 1H2NA (6) and 2H1NA (12)

were identified with capillary liquid chromatography-high

resolution time-of-flight quadrupole mass spectrometry (SI2.5

and SI3)
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dibenzothiophene-degrading enzymes encoded by the

dox-gene cluster, isolated from Pseudomonas sp. C18,

also degrade naphthalene and phenanthrene (Denome

et al. 1993). This indicates that the dioxygenase is a

multi-substrate enzyme. Although the sequence of

a-subunit of the terminal dioxygenase iron sulfur

proteins, NagAc (nagAc) (ORF5 in pNag-13) and

PhnAc (phnAc) (ORF10 in pPhn-17), from C3 did not

show high similarity with each other, they can catalyze

the transformation of naphthalene, phenanthrene, and

dibenzothiophene. It is reported that the conserved

His208, His213 and Asp362 are involved in the catalytic

site of the RHD (Denome et al. 1993). Asn201, Phe202,

Phe352, Asp205, Val260, Trp316, Trp358 and Thr351 have

been reported to be involved in substrate binding at the

catalytic site of the enzyme (Kauppi et al. 1998; Parales

et al. 2000). The three amino acids at the catalytic site

are present, although at different positions, in the

a-subunits NagAc (His206, His211 and Asp362) and

PhnAc (His209, His214 and Asp365) of C3. The eight

amino acids involving substrate binding remain in their

positions relative to the positions of the three catalytic

site amino acids in C3 (SI4). This suggests that both

NagAc and PhnAc of C3 can bind PAHs and catalyze

the dioxygenation of PAHs such as naphthalene,

phenanthrene and dibenzothiophene. Parales et al.

(2000) showed that the a-subunit of dioxygenase

determines the substrate specificity through some

specific amino acids. Although 53% of the amino

acids are identically aligned between NagAc (238 of

448 aâ) and PhnAc (238 of 451 aâ) from C3 (SI4), the

difference probably affects the substrate pocket or

active site of the enzymes, signifying the substrate

preference and catalysis efficiency between the two

types of dioxygenase. The nag-like and phn genes of

C3 can be an alternative degradation route for each

other, or perhaps co-responsible for the dioxygenation

of naphthalene, phenanthrene and dibenzothiophene.

Dioxygenase encoded by phn genes can efficiently

transform phenanthrene when compared with that

encoded by nag-like genes isolated from C3.

phn Genes are responsible for 1,2- and

3,4-dioxygenation of phenanthrene in C3

To our knowledge, this is the first report describing

that phnAcAd are responsible for 1,2-dioxygenation

of phenanthrene. In general, dioxygenases derived

from the phn gene cluster of Burkholderia species

catalyze 3,4-dioxygenation (Laurie and Lloyd-Jones

1999; Kang et al. 2003). However, metabolites from

1,2- and 3,4-dioxygenations of phenanthrene were

found in C3 culture media (Seo et al. 2006a). Based

on the results of DNA cloning and expression of phn

genes in E. coli, the PAH transformation analysis,

and mass spectrometry analysis of the metabolites,

we feel that these evidences demonstrate that Phn-

AcAd (dioxygenase a- and b-subunits) are responsi-

ble for the two pathways (Fig. 3; Table 4, SI3),

although 3,4-dioxygenation, producing the metabolite

1H2NA, dominates because the concentration of

1H2NA was 128-fold of 2H1NA. Both 1H2NA and

2H1NA were detected in the culture of the E. coli

transformant although their formation from phenan-

threne requires additional enzymes beyond the Phn

dioxygenases. The E. coli host probably has the

necessary enzymes to catalyze further degradation of

dihydrodiol products to 1H2NA or 2H1NA. The

metabolites 1H2NA and 2H1NA inside the cells are

metabolized to naphthalene-1,2-diol and then to

phthalic acid or salicylic acid. Salicylate is then

metabolized via gentisate degradation pathway (Seo

et al. 2006a).

Expressions and functions of nag-like and phn

genes in C3 relevant to phenanthrene catabolism

The results of DNA cloning, gene expression and

metabolite analysis strongly support that the phn

genes are mainly responsible for dioxygenation of

phenanthrene. The nag-like genes may contribute

partially to phenanthrene catabolism because the

E. coli transformant harboring the nag-like genes

degraded 54 ± 10% of phenanthrene in 72 h

(Table 4). The nag-like genes probably play major

roles on catabolism of phenanthrene metabolites,

which was supported by (a) undetectable levels of

1H2NA and 2H1NA in the culture of the transformed

E. coli containing pNfb and (b) high levels of the

nagAc-like gene transcription in response to naph-

thalene and phenanthrene in C3 (Fig. 2). Several

naphthalene-analogous metabolites (4–6, 10–12, and

14 in Fig. 3) are produced during phenanthrene

catabolism (Seo et al. 2006a). These metabolites

inside the cells may induce the transcription of the

nagAc-like gene. The upper pathway of phenanthrene

catabolism in C3 would operate through enzymes

encoded by the phn gene cluster (Part II of pPhn-17
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in Fig. 1b) (Fig. 3). A cluster of the nag-like genes on

pNag-13 (ORF1-9) is similar to the nag operon,

which is probably responsible for catabolism of

naphthalene to gentisate; and the nag-like genes in

Part I of pPhn-17 (ORF1-5) are probably responsible

for converting gentisate to pyruvic acid (Tables 1, 2).

The high transcription of nagAc-like gene at 48–72 h

in the presence of phenanthrene may be coincident

with the catabolism of metabolites that are structur-

ally similar to naphthalene and are derived from

phenanthrene degradation (Fig. 2). Both the nag-like

and phn genes were not highly transcribed in the wild

C3 cells in response to 1H2NA and 2H1NA. This is

likely related to probable poor absorption of the two

metabolites into the cells because of the high polarity

of their molecules (Figs. 2, 3).

Up-expression of multiple operons

during phenanthrene catabolism

Comparison of the protein profiles in the phenan-

threne-fed and glucose-fed C3 cells supports the

genetic and catabolic data of phenanthrene catabo-

lism. The term of up-expression or up-regulation used

here means the proteins that were detected and

identified only in the phenanthrene-fed cells, but not

in the glucose-fed cells. The proteins such as PhnAd

and PhnB involved in phenanthrene dioxygenation

are up-expressed in the phenanthrene-fed C3 cells.

The enzymes catalyzing naphthalene transformation

are probably involved in the lower pathways of

phenanthrene catabolism. PhnAd was detected and

identified although the a-subunit (PhnAc) was not

detected. This may be due to many factors including

the limit of detection, sample preparation, trypsin

digestion, LC and MS conditions, and post-transla-

tional modifications.

Among the differentially up-expressed enzymes

include NahB, NahC, NahE, NagF, and various

electron transport proteins, confirming the corre-

sponding involvement of multiple operons during the

phenanthrene catabolism. Other PAH-degrading

enzymes, such as Bph and Dox for biphenyl and

dibenzothiophene catabolism, respectively, are

up-regulated in the phenanthrene-fed cells. This is

consistent with the ecological environment, i.e.,

PAH-contaminated soil where C3 is isolated and it

is adapted to utilize a variety of PAHs. The presence

of one PAH, thus, would readily induce multiple

PAH degrading genes some of which may be

involved in catabolism of other related PAHs.

This study shows the co-existence of nag-like and

phn gene clusters in Burkholderia sp. C3. The two

types of dioxygenases degrade naphthalene, phenan-

threne and dibenzothiophene in varying efficiencies.

The phn genes play more dominant roles than nag-

like genes on the initial dioxygenations of phenan-

threne. The dioxygenase encoded by phnAcAd is

primarily responsible for both 1,2- and 3,4-dioxy-

genation of phenanthrene whereas the dioxygenases

encoded by nag-like genes mainly govern the lower

catabolic pathways in C3.
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