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Abstract

A quantitative real-time polymerase chain reaction (PCR)
assay was developed for monitoring naphthalene degra-
dation during bioremediation processes. The phylogenetic
affiliations of known naphthalene-hydroxylating dioxyge-
nase genes were determined to target functionally related
bacteria, and degenerate primers were designed on the
basis of the close relationships among dioxygenase genes
identified from naphthalene-degrading Proteobacteria.
Evaluation of the amplification specificity demonstrated
that the developed real-time PCR assay represents a rapid,
precise means for the group-specific enumeration of
naphthalene-degrading bacteria. According to validation
with bacterial pure cultures, the assay discriminated
between the targeted group of naphthalene dioxygenase
sequences and genes in other naphthalene or aromatic
hydrocarbon-degrading bacterial strains. Specific amplifi-
cation of gene fragments sharing a high sequence
similarity with the genes included in the assay design was
also observed in soil samples recovered from large-scale
remediation processes. The target genes could be quanti-
fied reproducibly at over five orders of magnitude down to
3 � 102 gene copies. To investigate the suitability of the
assay in monitoring naphthalene biodegradation, the
assay was applied in enumerating the naphthalene
dioxygenase genes in a soil slurry microcosm. The results
were in good agreement with contaminant mineralization
and dot blot quantification of nahAc gene copies.
Furthermore, the real-time PCR assay was found to be
more sensitive than hybridization-based analysis.

Introduction

In bioremediation studies, the quantitative analysis of
functional genes has provided a valuable tool for studying

the relationship between specific microbial populations
and the performance of the degradation processes [30,
34]. In the environment, however, a wide range of bacteria
participate in the degradation of organic contaminants.
Because diverse bacteria are associated with different
phases of pollutant degradation [19, 34, 43], better inter-
pretation of the microbial community dynamics occur-
ring during the progression of decontamination is
important in the development of more efficient remedi-
ation processes. It is essential to not only obtain quan-
titative information about specific catabolic functions, but
also to relate this information to the phylogeny and
biology of the corresponding microbial populations.
Instead of monitoring a single genotype, one should focus
on the detection of a certain biological function per-
formed by a specific group of organisms [8].

In the present study, our aim was to develop a rapid
and quantitative assay for the enumeration of a specific
group of bacteria possessing a similar degradation poten-
tial. Because the biological degradation of naphthalene has
been well characterized [4], it was chosen as a model
compound. Naphthalene, a toxic aromatic hydrocarbon
composed of two benzene rings, is often found in sites
contaminated by coal tar and crude oil. In aerobic naph-
thalene degradation, the aromatic ring is oxidized during
the first step of the degradation pathway. A hydroxylated
intermediate that can be further degraded is formed in this
dioxygenase-catalyzed reaction [4]. According to reports,
naphthalene degradative potential is widely distributed in
the bacterial phylogeny, and there is a wide-ranging se-
quence diversity in naphthalene-hydroxylating dioxyge-
nase genes in species of different evolutionary origin and
with different substrate specificity [7, 9, 20–22, 29, 39].
Despite this genetic diversity, there is also considerable
homology among naphthalene-hydroxylating dioxygena-
ses, and certain amino acid residues at the active site of the
enzyme are conserved [28]. This conservation enables the
design of assays that target not only a wide range of na-Correspondence to: Mari Nyyssönen; E-mail: mari.nyyssonen@vtt.fi
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phthalene-degrading bacteria but also a specific group
with the desired characteristics. In microbial ecology, as-
says targeting diverse genotypes have made it possible to
investigate the genetic diversity of intrinsic or isolated
naphthalene-degrading bacteria [5, 6, 50]. In bioremedia-
tion studies, on the other hand, the presence of more
specific naphthalene-degrading genotypes has been shown
to characterize the degradation potential of hydrocarbon-
contaminated environments [11, 41, 44].

Recently, Baldwin et al. [2] and Dionisi et al. [5]
reported the development of a real-time polymerase chain
reaction (PCR) analysis for the enumeration of specific
groups of naphthalene and other aromatic hydrocarbon-
degrading organisms. The method, based on continuous
measurement of the fluorescence signal during amplifica-
tion, allows rapid and precise quantification of target
genes [48]. In environmental analysis, real-time quantita-
tive PCR assays have also been developed for the determi-
nation of genes involved in the metabolism of other
environmental contaminants such as arsenate, carbazole,
2-chlorobenzoate, and toluene [3, 38, 42, 45]. According
to the analysis of contaminated sediment and soil samples
[15, 38], the method possesses good potential in the
quantification of specific biological functions in the
environmental samples. However, there are still relatively
few published applications of real-time PCR in the moni-
toring of environmental microbial processes [42].

With the aim of investigating the applicability of real-
time PCR analysis in the quantitative assessment of an
environmentally relevant group of diverse genotypes, we
developed a novel real-time PCR assay targeting a phylo-
genetically closely related group of naphthalene-degrading
bacteria. To enable the detection of diverse gene sequences,
degenerate primers were designed on the basis of gene
sequences coding for the large subunit of naphthalene
dioxygenase. To further enhance the enumeration of dif-
ferent target bacteria possessing similar naphthalene deg-
radation characteristics, instead of a single genotype, we
used the SYBR Green-based detection system. Because the
molecule emits fluorescence on binding to any double-
stranded DNA [47], and therefore requires no predeter-
mination of target sequences, it provides superior means
for the detection of diverse target genes in comparison to
the Taqman probe approach that is often employed in
environmental applications [3, 5].

To evaluate whether the developed PCR assay would be
applicable in the analysis of heterogeneous and biologically
diverse soil samples contaminated with organic hydro-
carbons, the method was applied in the enumeration of
target genes in field-scale remediation process samples and
during naphthalene mineralization in a soil slurry. Al-
though many studies have demonstrated the application of
PCR-based techniques in the analysis of contaminated
groundwater [15, 26, 46], the enumeration of PAH-de-
grading bacteria in soil samples by means of PCR has been

limited [33, 41]. In this study, we show, by using dot blot
hybridization as validation method and 14C-mineraliza-
tion as a direct indicator of naphthalene biodegradation,
that real-time PCR provides a specific tool also for the
monitoring of biological process performed by a certain
group of bacteria.

Methods

Bacterial Strains and Environmental Samples. Pseu-
domonas putida G7 (DSM 4476) carrying the naphthalene
catabolic nah pathway was used as the positive control. P.
putida (DSM 291), Bacillus subtilis (DSM 10), Escherichia
coli (DSM 1576), xylene-degrading P. putida strain mt-2
(DSM 3931), and toluene-degrading P. putida F1 (DSM
6899) served as the negative control strains for
amplification. Naphthalene-degrading P. putida OUS82,
Ralstonia sp. U2 (NCIB 13827), and Burkholderia sp.
RP007 (ICMP 13529) were used to determine the target
range of the assay.

Environmental samples were taken as a composite
sample from contaminated soil (Table 1). The EkoPAH
sample was recovered from PAH-contaminated soil that
was stored in a pile at the Ekokem hazardous waste
treatment plant in Riihimäki, Finland [30]. The SoilTar
and SoilOil samples were obtained from the Soilrem
bioremediation treatment plant in Virkkala, Finland. The
SoilTar sample was taken from a pile where soil
contaminated by wood preservation activities was being
treated by composting. The SoilOil sample originated
from old gas station plants and was being treated by
composting and vapor extraction. The PAH content of
the soil samples was analyzed using acetone–hexane
extraction as described in [18]. The dry weight was
determined by drying at 105-C overnight.

Microcosm. Naphthalene biodegradation was stud-
ied in a soil slurry microcosm previously described in [30].
In that study, P. putida G7 inoculated and noninoculated
soil slurry containing 10% of EkoPAH soil was amended
with 30 mg L–1 naphthalene and 180,000 dpm 14C-
naphthalene. The DNA samples were amended with
unlabeled naphthalene only. Four replicate mineralization
samples and three replicate samples for DNA analysis were
collected on each sampling time during a period of 7 days.
Naphthalene degradation was monitored on the basis of
the production of 14CO2 [30]. DNA was extracted as
described in the following.

Phylogenetic Analysis and Primer Design. Phylo-
genetic analysis of genes coding for the large subunit of
naphthalene-hydroxylating dioxygenase in naphthalene-
degrading bacteria was performed with the ARB software
[23]. Published full-length sequences obtained from
GenBank were aligned using the Fast Aligner tool of
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ARB, and the resulting alignments were checked and
corrected manually. Phylogenetic trees were constructed
on the basis of sequence pair dissimilarities. Evolutionary
distances were calculated using the model of Jukes and
Cantor [16], and the phylogenetic relationships were
estimated by neighbor-joining analysis. Bootstrap analy-
sis was performed by resampling the data 1000 times. In
addition to neighbor-joining analysis, maximum-likeli-
hood and maximum-parsimony algorithms were used as
alternative tree construction methods. The partial gene
sequences obtained from environmental samples in this
study were added to the neighbor-joining tree by the
parsimony procedure.

Based on phylogenetic analysis, 15 gene sequences
were included in the primer design (Table 2). To allow the
amplification of divergent target genes, one nucleotide
degeneracy was included in both nahAF 50-CCCYGGC
GACTATGT-30 and nahARev 50-TGCGTCCAACCMA
CG-30 primers. In addition, there was one nucleotide
mismatch in the nahARev primer to the pahA3, nahAc,
and ndoC2 genes of P. putida OUS82 and two P.
fluorescens strains that was considered acceptable because
of the otherwise high sequence similarity. The primers

amplify a 489-bp gene fragment at nucleotide positions
150–638 of nahAc gene of P. putida G7. The nahAF
primer corresponds to the degenerate Ac149f primer
previously described in [6].

DNA Isolation. Plasmid DNA was extracted by the
alkaline lysis method according to Sambrook and Russel
[35]. Total DNA was prepared using the bead-mill
homogenization protocol described in [37]. Following
homogenization, the total DNA was precipitated with
isopropanol and extracted with phenol/chloroform/
isoamyl alcohol. The quantity of DNA was determined
spectrophotometrically using the Ultrospec 2100 pro
spectrophotometer (Biochrom, UK).

Quantification of Naphthalene Dioxygenase Genes by

Real-Time PCR. Real-time PCR analysis was per-
formed using the SYBR Green-based detection system.
Two microliters of LightCycler Fast Start DNA Master
SYBR Green I master mix, 2 mM of MgCl2, 10 pmol of
each primer, and 2.5 mL of DNA extract were added to a
total reaction volume of 20 mL. All DNA samples were
analyzed as 100-fold dilutions from the original DNA
extracts. PCR amplification was carried out in the Light-
Cycler device (Roche Diagnostics, Germany) using a
temperature transition rate of 20-C s–1. The thermal
profile included an initial denaturation step at 95-C for
10 min, followed by 38 cycles of denaturation at 95-C
for 1 s, annealing at 57-C for 5 s, and elongation at 72-C
for 20 s. Fluorescence intensity was measured in the
single acquisition mode after each elongation step at
72-C. For the subsequent melting curve analysis, the
temperature was increased to 95-C, immediately dropped
to 60-C for 30 s, and then increased again to 95-C using
the temperature transition rate of 0.1-C s–1. Fluorescence
was measured continuously during heating. Following
melting curve analysis, the PCR products were also
visualized on 1.2% agarose gel.

The acquired fluorescence data were analyzed with
the LightCycler Data Analysis software (Roche Diagnos-
tics, Germany). The baseline was adjusted with the
arithmetic baseline adjustment algorithm, and threshold

Table 2. Genes used for primer design

Organism Gene
GenBank

accession no.

Pseudomonas sp. ND6 nahAc AY208917
Pseudomonas sp. C18 doxB M60405
Pseudomonas putida G7 nahAc M83949
Pseudomonas putida ATTC17484 ndoC2 AF004284
Pseudomonas putida BS202 nahA3 AF010471
Pseudomonas putida NCIB9816-4 nahAc AF491307
Pseudomonas putida NCIB9816 ndoC M23914
Pseudomonas aeruginosa PaK1 pahA3 D84146
Pseudomonas stutzeri AN10 nahAc AF039533
Pseudomonas fluorescens LP6a nahAc AF125981
Pseudomonas putida OUS82 pahAc AB004059
Pseudomonas fluorescens nahAc AY048759
Pseudomonas fluorescens ndoC2 AF004283
Ralstonia sp. U2 nagAc AF036940
Comamonas testosteroni H nahAc AF252550

Table 1. Properties of contaminated soil samples investigated in the study

Sample
name Sample source Treatment

Contaminating
substances

Total PAHs
(mg kg

–1)
Naphthalene

(mg kg
–1)a

Total C5–C35
(mg kg

–1)
nahA gene copies

(g soil dw
–1; n = 3)

EkoPAH Ekokem, Riihimäki,
Finland

Stored in a pile
for later treatment

NA 21b 0.39b NA 2.2 � 106 T 5.5 � 105

SoilTar Soilrem, Virkkala,
Finland

Composting Tar 1430 1.95c 2860 4.5 � 106 T 7.0 � 105

SoilOil Soilrem, Virkkala,
Finland

Composting and
vapor extraction

Diesel oil and
light fuel oil

1.76 G0.1c 1400–2600 1.2 � 106 T 3.1 � 105

aDetection limit 0.1 mg kg
–1.

bPiskonen et al. [30].
cThe amount of naphthalene is indicative because of possible evaporation before analysis.
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cycle values (Ct) were extracted with the second-
derivative maximum method. Melting curves were
calculated using the polynomial algorithm. Melting
temperatures (Tm) for each amplification product were
determined using the Manual Tm option of the software.

The standard curve for the determination of gene copy
numbers was established by analyzing different amounts of
unlinearized plasmid DNA isolated from P. putida G7 pure
culture. The mass of target genes in plasmid DNA
preparations was determined by dot blot hybridization,
and molecular mass of the nahAc gene was used to convert
the mass of nahAc to gene copy numbers. Three inde-
pendent serial dilutions containing 3 � 102–3 � 106 gene
copies of nahAc were then prepared in water solution, and
all standard DNA samples were analyzed in one analysis
run to create an external standard curve. To quantify the
amount of target gene in environmental samples, three
standards containing 3 � 106, 3 � 105, or 3 � 104 gene
copies were included in each analysis run. The Ct values
from the three standard samples were then compared to
the corresponding mean values in the external standard
curve. The differences were averaged, and the mean value
was added to the Ct values obtained from the analysis. The
PCR efficiency (E) was determined from the slope of the
external calibration curve according to E = 10–1/slope [32].
Because the targeted gene sequences share high sequence
similarity, the calculated PCR efficiency was considered
representative also for the other target genes.

Quantification of Naphthalene Dioxygenase Genes

by Dot Blot Hybridization. Quantification of nahAc
gene copies in P. putida G7 plasmid DNA and total DNA
preparations performed in this study was conducted
according to the protocol described in [30]. Standard
dilutions, control samples, and DNA extracts of interest
were denatured with 0.5 M NaOH and vacuum blotted
on Hybond-N nylon membrane (Amersham Biosciences,
UK). The naphthalene dioxygenase gene probe was 32P-
labeled and hybridized on the membrane. The quan-
tification of naphthalene dioxygenase gene copies in soil
slurry microcosm by dot blot hybridization was earlier
reported in [30]. The same three replicate DNA samples
were analyzed by quantitative real-time PCR in this
study.

Denaturing Gradient Gel Electrophoresis. Environ-
mental DNA extracts were reamplified with nahAFGC and
nahARev primers. nahAFGC corresponds to the nahAF
primer described above, except that a 40-bp-long GC
clamp [27] is attached to the 50-end of the primer (50-
CGCCCGCCGCGCCGGCGGGCGGGGCGGGGG
CACGGGGGGCCCYGGCGACTATGT-30). The 50-mL re-
action mixture was composed of 1� Dynazymei II buffer
(10 mM Tris–HCl, pH 8.8, 1.5 mM MgCl2, 50 mM KCl,
and 1% Triton-X-100), 0.2 mM of each dNTP, 5 pmol of

each primer, and 1 U of Dynazymei II DNA polymerase
(Finnzymes, Finland). Amplification was carried out in
Eppendorf MasterCycler (Eppendorf, Germany) using the
following PCR program: initial denaturation at 94-C for
5 min with 30 cycles of 45 s at 94-C, 1 min at 57-C, 45 s at
72-C, and a 10-min final elongation at 72-C. PCR products
were separated by denaturing gradient gel electrophoresis
(DGGE) on 7% acrylamide gel containing a denaturing
gradient from 45 to 54% (100% denaturant corresponds to
7 M urea and 40% formamide). The gel was run in Decode
Universal Mutation Detection System (Bio-Rad, USA) in
0.5 � TAE (1 � TAE is 20 mM Tris–acetate, 0.5 mM
EDTA, pH 8.0) at 75 V for 19 h at 60-C. After staining with
SYBR Green I (BMA, Denmark), the bands were visualized
with Gel Doc 2000 UV Transilluminator (Bio-Rad).

Cloning and Sequencing of Amplified Gene

Fragments. Visible bands were excised from the DGGE
gel and amplified with nahAFGC and nahARev primers as
described above. Freshly made PCR products were puri-
fied with PCR Purification kit (Qiagen, Germany) and
cloned using TOPO TA Cloning\ kit Version R (Invitro-
gen, UK). The sequence of 10 positive clones was deter-
mined from each cloning reaction. Cloned gene fragments
were amplified with nahAF and nahARev primers and
sequenced with BigDye\ Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, California, USA) using the
ABI Prism 310 Genetic analyzer (Applied Biosystems).
The sequencing was performed in both directions to
acquire the whole sequence of the fragment.

Statistical Analysis. Statistically significant differ-
ences between the samples were determined using
Student’s two-tailed t-test with unequal variance.

Results

Phylogeny of the Naphthalene-Hydroxylating Dioxy-

genases. Phylogenetic analysis assigned the naphtha-
lene-hydroxylating dioxygenase gene sequences from
distinct bacterial isolates into three main clusters (clusters
I, II, and III in Fig. 1). Cluster I contains naphthalene
dioxygenase genes from gram-negative g-Proteobacteria,
sharing 87% or higher sequence similarity. The group also
encompasses genes characterized from naphthalene-
degrading Ralstonia sp. U2 and Comamonas testosteroni
H with 78% sequence identity to Pseudomonas species.
Cluster III consists of genes from gram-positive Rhodo-
coccus species and Mycobacterium sp. PYR-1, sharing 59–
91% sequence identity. According to neighbor-joining
analysis, the third group, cluster II, includes the phnAc
and bphA1f genes from gram-negative Burkholderia sp.
RP007 and Sphingomonas aromaticivorans F199. All the
inferred phylogenetic relationships were supported by
bootstrap values ranging from 55 to 100% (Fig. 1). More-
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over, maximum-likelihood and maximum-parsimony
algorithms produced tree topologies similar to those ob-
tained by neighbor-joining analysis. The only exception
between the three algorithms was that the subgroup con-
taining the genes from Burkholderia sp. RP007 and S.
aromaticivorans F199 was assigned to the same cluster
with other gram-negative species by the maximum-
parsimony analysis.

Primer Design and Specificity of the Real-Time

PCR Assay. Based on the inferred phylogenetic rela-
tionships and substrate specificity of the host bacteria,
degenerate primers were designed for amplification of the
conserved region in the large subunit of naphthalene
dioxygenase genes assigned to cluster I and tested for their
specificity. According to BLAST Search [1], the primer
sequences were specific to naphthalene dioxygenase genes
of the bacterial strains used for primer design. The

primers were found to target also the ntdAc gene from
2-nitrotoluene degrading Pseudomonas sp. JS42 that shares
78% sequence similarity with the nahAc gene of P. putida
G7. High sequence similarity to naphthalene dioxygenase
genes from some uncultured bacteria sharing high se-
quence identity with the targeted gene sequences was also
found, indicating that also other naphthalene catabolic
genes closely related to the targeted genes could possibly
be amplified with the designed primers.

The specificity of the developed assay and its capacity
to distinguish between different naphthalene-degrading
bacteria were also studied by determining the formation of
amplification products in control samples (Fig. 2).
Analysis of the bacterial strains used for primer design,
P. putida G7, P. putida OUS82, and Ralstonia sp. U2,
resulted in a gene fragment of the expected size. In
contrast, no PCR product was formed from Burkholderia
sp. strain RP007 that was not targeted by the assay. A

Figure 1. A neighbor-joining tree showing the phylogenetic relationships among naphthalene-hydroxylating dioxygenase genes identified
from different naphthalene-degrading bacteria. 2,3-Dihydroxybiphenyl 1,2-dioxygenase gene from Sphingomonas yanoikuyae B1 was
used as an outgroup to root the tree. Numbers on the branches indicate percent bootstrap values with more than 50% bootstrap support.
The scale bar represents 0.1 Jukes–Cantor substitutions per nucleotide. Partial sequences obtained from environmental samples are
indicated with an asterisk.
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weak fluorescence signal was detected during the late
cycles of amplification in the P. putida (DSM 291) and E.
coli negative control samples. In both samples, however,
the signal was shown to be unspecific because of the
abnormal melting behavior and incorrect length of the
amplified fragments (Fig. 2). In addition, a weak unspe-
cific amplification product was also observed in melting
curve analysis and on agarose gel in the B. subtilis sample.
However, no fluorescence signal could be measured
during PCR amplification. In the environmental samples,
positive control, and standard samples, the target gene was
amplified specifically. A single melting peak was detected
at 88.28-C (T0.12), and no primer dimers, or other
unspecific products were formed. Thus, as the Ct values
measured in the negative control samples corresponded to
the detection limit of the assay and were significantly
higher than in any of the environmental DNA extracts
analyzed, the analysis was considered accurate.

Sequence Analysis of the Ampl ified Gene

Fragments. The DGGE analysis of gene fragments
amplified from environmental samples demonstrated
that a single genotype was amplified in the EkoPah and
SoilTar samples and two distinct gene fragments in the
SoilOil sample (Fig. 3). All sequences showed 95–99%
similarity at the DNA level. The NDOEkoPah and
NDOSoilOil:1 clones were identical, whereas the

NDOSoilTar clone amplified from tar-contaminated
soil showed the greatest difference from the other
sequences. According to the phylogenetic analysis, the
NDOSoilOil:2 clone was identical with the nahAc gene of
P. putida G7 (Fig. 1). The other clones were the most
similar to naphthalene dioxygenase genes characterized
from other Pseudomonas species, many of them
corresponding to the genes that were used for primer
design (Table 3; Fig. 1).

Quantification of the Gene Copy Numbers and the De-

tection Sensitivity of the Real-Time PCR Assay. Three
replicate serial dilutions of plasmid DNA extracted from
P. putida G7 were prepared to create a standard curve
(Fig. 4). The relationship between the threshold values and
log amount of target DNA was linear over five orders of
magnitude (r2 = 0.99), ranging from 3 � 102 gene copies
to 3 � 106 gene copies of target gene. On this range of
concentrations, the PCR efficiency was 1.84. When 3 � 100

and 3 � 101 gene copies of naphthalene dioxygenase were
used for amplification, the linearity was lost and no PCR
product was observed during melting curve analysis or on
agarose gel. Therefore, the detection limit of the assay was
determined to be 3 � 102 gene copies.

The Reproduc ib i l i ty and Accuracy of the

Analysis. The intra-assay variability was evaluated
using three replicate dilution series of standard DNA.
The reproducibility between these three independent
standard dilutions was good, although the deviation
was, to some extent, dependent on the amount of target
DNA. When 3 � 106 gene copies of the target gene were
used, the variation in the threshold values was 1.5%, in
contrast to variation of 2.4% for 3 � 102 gene copies.
The results obtained from three separate analysis runs
were also highly reproducible. Coefficients of variation
calculated from standards containing 3 � 104, 3 � 105,
and 3 � 106 gene copies were 2.18, 1.84, and 0.44%,
respectively (n = 3). The accuracy of the analysis was

Figure 2. Specificity of the real-time PCR assay. Lane 1: Molecular weight marker; lane 2: nontemplate control; lane 3: B. subtilis total
DNA; lane 4: E. coli total DNA; lane 5: P. putida (DSM 291) total DNA; lane 6: P. putida mt-2 total DNA; lane 7: P. putida F1 total
DNA; lane 8: P. putida G7 total DNA; lane 9: P. putida OUS82 total DNA; lane 10: Ralstonia sp. U2 total DNA; lane 11: Burkholderia sp.
RP007 total DNA; lanes 12–14: standards (3 � 104–3 � 106 gene copies); lane 15: EkoPAH soil sample; lane 16: SoilCreo soil
sample; and lane 17: SoilOil soil sample.

Figure 3. DGGE patterns of naphthalene dioxygenase gene
fragments amplified from contaminated soil samples. Lane 1:
Negative control; lane 2: P. putida G7 positive control; lanes 3 and
4: EkoPAH soil sample; lanes 5 and 6: SoilCreo soil sample; and
lanes 7 and 8: SoilOil soil sample.
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evaluated by comparing the real-time PCR and dot blot
hybridization results obtained from the analysis of P.
putida G7 total DNA. When 1.9 � 108 gene copies of
target gene in 1 mg of P. putida G7 total DNA were
detected in real-time PCR analysis, the amount of target
gene detected using dot blot hybridization was 1.3 � 108

gene copies.

Quantification of Naphthalene Dioxygenase Genes

during Naphthalene Degradation Process. To further
validate the developed assay, the real-time PCR results
obtained during naphthalene degradation in the soil
slurry microcosm were compared to the contaminant
degradation and the dot blot hybridization results
described in [30]. In the noninoculated soil slurry and
in the P. putida G7 inoculated soil slurry, 2.2 � 106 and
9.6 � 107 gene copies in 1 g of soil dry weight (dw),
respectively, could be detected by real-time PCR in the
beginning of the study, whereas no target gene was
observed by dot blot hybridization [30]. In the P. putida
G7 inoculated soil slurry, naphthalene degradation was
activated in the beginning of the study, and in 8 h time,
the amount of target gene increased to a maximum
of 2.3 � 109 gene copies in 1 g of soil (dw). In the
noninoculated soil slurry, active mineralization was
observed only after 28 h when the amount of target
gene detected by PCR had reached the maximum
number of 2.4 � 109 gene copies (Fig. 5). When the
production of 14CO2 started to decline, there was a
marked decrease in the amount of target gene, and 2.1 �

108 and 7.7 � 108 gene copies of target gene were
detected with the PCR assay in the end of the study.

However, in both the noninoculated soil slurry and
the P. putida G7 inoculated soil slurry, the PCR results
differed from the amount of target gene detected by dot
blot hybridization during the first 45 and 25 h,
respectively. According to the real-time PCR analysis
(Fig. 5a and c), the increase in the amount of target gene
occurred earlier with respect to naphthalene mineraliza-
tion than that detected by dot blot hybridization (Fig. 5b
and d). Additionally, one order of magnitude difference
was observed between the amount of target gene copies
detected by the real-time PCR assay and dot blot
hybridization in [30]. In the P. putida G7 inoculated soil
slurry, the amount of target genes determined by PCR
analysis reached the highest value after 8 h and decreased
to 7.0 � 108 gene copies in 1 g of soil (dw) by 25 h,
whereas according to dot blot analysis, the amount of
target gene increased up until 25 h when 4.6� 1010 copies
were detected. In the noninoculated soil slurry, the
amount of target gene copies determined by hybridization
increased until 45 h reaching a maximum of 3.1 � 109

gene copies. In contrast, after 45 h, the amount of target
genes detected by PCR analysis had already decreased to
2.7 � 109 gene copies. By the end of the study, the
differences had balanced out in both treatments.

Quantification of Naphthalene Dioxygenase Genes in

Field-Scale Remediation Process Samples. The target
gene was successfully detected and quantified in all three

Figure 4. Sensitivity and dynamic range of the real-
time PCR assay. The standard curve was generated
by plotting the log amount of nahAc gene copies
against the threshold values (Ct) obtained from the
analysis of three independent dilution series of
standard DNA.

Table 3. Sequence similarity between the naphthalene dioxygenase gene fragments amplified from environmental samples and
published naphthalene dioxygenase sequences

Sample Clone Gene Sequence similarity (%) Host Phylogenetic group

EkoPAH NDOEkoPah nahA 100 Pseudomonas sp. ND6a g-Proteobacter
SoilTar NDOSoilTar nahA 99 Pseudomonas sp. ND6a g-Proteobacter
SoilOil NDOSoilOil:1 nahA 100 Pseudomonas sp. ND6a g-Proteobacter

NDOSoilOil:2 nahA 100 Pseudomonas putida G7 g-Proteobacter
aAlso Pseudomonas sp. C18, P. putida NCIB9816-4, P. putida 9816, P. fluorescens LP6a, P. putida BS202, and P. putida ATTC17484.
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hydrocarbon-contaminated soil samples. The highest
amount of target gene, 4.5 � 106 gene copies per gram
of soil (dw), was measured in the SoilTar sample containing
the highest amount of total PAHs (Table 1). In the
EkoPAH sample, 2.2 � 106 copies of target gene were
detected in 1 g of soil (dw). The lowest amount of target
gene, 1.2 � 106 gene copies, was measured in SoilOil
sample contaminated with diesel and light fuel oil.

Discussion

In the present study, we applied real-time PCR analysis
for studying a defined group of naphthalene-degrading
bacteria in a contaminated environment and evaluated
its applicability in monitoring remediation processes.
During bioremediation, diverse bacteria possessing dif-
ferent degradation characteristics participate in pollutant
degradation [8]. More detailed knowledge on the
phylogenetic affiliation and catabolic potential of these
organisms is needed to better understand the microbial
ecology of contaminant degradation and, consequently,
to estimate the efficiency of remediation processes [43].
To target a specific catabolic function, the naphthalene

dioxygenase gene coding for the key step in aerobic
naphthalene degradation was used as an indicator of
naphthalene catabolic potential. As previous findings
indicate, a relationship exists between the abundance of
naphthalene dioxygenase gene and naphthalene degrada-
tion potential [41] and active contaminant degradation
[30].

Because the genetic diversity among naphthalene-
degrading bacteria is well demonstrated in the literature
[7, 9, 20–22, 29, 39], phylogenetic analysis of naphthalene
dioxygenase genes in distinct naphthalene-degrading bac-
terial isolates was performed to determine sequence simi-
larities that would enable the detection of a defined group
of bacteria. In agreement with the current view on the
genetics of contaminant degradation, separate clusters of
gene sequences could be designated on the basis of se-
quence pair dissimilarities and phylogenetic affiliation of
the host bacterium [12]. However, the dioxygenase genes
from Burkholderia sp. RP007 and S. aromaticivorans F199
could not be assigned with a high degree of confidence.
This inconsistent clustering is most probably caused by
the low sequence similarity to other known naphthalene-
hydroxylating dioxygenases [22, 29].

Figure 5. The amount of naphthalene dioxygenase genes in noninoculated soil slurry microcosm as determined by (a) real-time PCR
(r) and (b) dot blot hybridization (q). The amount of naphthalene dioxygenase gene copies P. putida G7-inoculated soil slurry microcosm
as determined by (c) real-time PCR (0) and (d) dot blot hybridization (>) in noninoculated soil slurry. Naphthalene mineralization (&)
was measured on the basis of 14CO2 production [30].
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Based on phylogenetic analysis, the cluster contain-
ing low molecular weight PAH-degrading bacteria
belonging to g- and b-subclass of Proteobacteria was
chosen as a target group for primer design. By selecting
this group of dioxygenase genes that were clearly
separated from genes present in other naphthalene-
degrading bacteria, the assay could be targeted at bacteria
that possess specific degradation potential. Moreover,
Proteobacteria species are known to be present in a
number of contaminated environments and have been
shown to become enriched after pollution [5, 25, 36], as
well as to dominate the microbial community during the
rapid pollutant degradation phase [17].

When broad target range PCR assays are designed
for environmental applications, it is often not possible to
ensure the specific amplification of target genes [40].
Demonstrating that the targeted real-time PCR assay
developed herein was specific to the defined group of
naphthalene-degrading bacteria, the designed primers
did not amplify naphthalene-hydroxylating dioxygenase
genes not targeted by the assay or other genes responsible
for the hydroxylation of monoaromatic hydrocarbons.
As shown by the specific amplification of the target genes
in the environmental samples, the real-time PCR quan-
tification of functional marker genes was suitable for
studying specific microbial populations also in different
environments. All the gene sequences amplified from
contaminated soil samples were very similar, indicating a
high functional similarity among the detected catabolic
genes [28]. Especially in the soil contaminated with oil,
the detection of two closely similar gene fragments clearly
illustrated the feasibility of the real-time PCR quantifica-
tion based on SYBR Green and degenerate primers in the
assessment of degradative function instead of a single
genotype. However, the identification of the amplified
gene fragments was based on DGGE analysis. Because the
method is known to detect species present only at higher
cell densities [14], it is possible that some genotypes
amplified with the degenerate primers may not have been
detected in environmental samples. Wilson et al. [50]
analyzed the sequence diversity of naphthalene dioxygen-
ase transcripts amplified from coal tar-contaminated
groundwater. According to their results, the dominating
genotypes detected were similar to Pseudomonas-like
dioxygenase genes, whereas bacteria showing higher
sequence dissimilarity displayed lower gene expression.
As our results demonstrate, all of the gene fragments
were also closely related to genes used for primer design,
supporting our aim of targeting a specific naphthalene
catabolic activity in a group of phylogenetically closely
related naphthalene-degrading bacteria.

The amount of target gene could be quantified on
over five orders of magnitude, which is in good
agreement with previous reports [2, 31]. According to
the PCR efficiency, almost every PCR product was

amplified during each cycle [32]. The results obtained
by the method were highly reproducible, although the
variation in the signals, as also pointed out by Grüntzig
et al. [10], increased close to the detection limit. Also, the
sensitivity of the real-time PCR assay was in good
agreement with the detection limits in previously
published PCR-based environmental studies [2, 13, 31].

To thoroughly evaluate the specificity and accuracy
of the developed real-time PCR method in environmen-
tal analysis, the assay was applied in the enumeration of
naphthalene dioxygenase genes in contaminated soil
samples and naphthalene amended microcosm. In a
laboratory-scale soil slurry microcosm, the changes in the
amount of target gene determined by real-time PCR were
highly consistent with contaminant degradation. In
agreement with Wang et al. [42] and our previous results
on hybridization analysis of nahAc genes in soil slurry
microcosm [30], the number of gene copies increased
during the course of naphthalene mineralization, and a
decrease in the number of gene copies was detected after
a decline in the production of 14CO2.

However, during active naphthalene mineralization,
there were significant differences in the growth rate of
naphthalene-degrading bacteria between PCR analysis
and dot blot quantification performed previously [30]
(Fig. 5). This is in contrast to Beller et al. [3] who
demonstrated good agreement between the results from
slot blot hybridization and real-time PCR during
anaerobic toluene degradation. Because PCR-based tech-
niques are sensitive to impurities and heterogeneous
nontarget DNA commonly present in environmental
samples [49], it is possible that in soil samples impurities
may have inhibited the efficient amplification of target
sequences. However, because a 10-fold difference was
observed between the amount of target genes determined
by real-time PCR method and hybridization analysis in
our previous study [30], it is more likely that the ob-
served discrepancies are caused by differences in the
detection limits and dynamic ranges of the respective
assays. As the detection of the target gene in the
beginning of the biodegradation study by real-time PCR
but not by dot blot hybridization demonstrates, the real-
time PCR method was more sensitive than the hybrid-
ization-based technique. According to the analysis of
fecal samples [24], the sensitivity of real-time PCR can be
several times higher than that of dot blot hybridization.
In addition, because the results from the quantification
of nahAc gene copies in P. putida G7 total DNA in this
study were highly consistent, it is likely that the one-
order-of-magnitude difference observed between the two
studies is a result of the dissimilarities in standard curve
generation. As the gene copy numbers determined by
real-time PCR were in good agreement with contaminant
mineralization, a direct indicator of biodegradation, the
results show that the developed method is suitable for
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accurate monitoring of microbial communities during
contaminant degradation. This is in agreement with
other studies, where catabolic activities have been com-
pared to decrease in contaminant concentration [15, 46].
However, in these studies, direct comparison between the
actual biotransformation rate and gene copy numbers
cannot be determined.

According to the analysis of PAH-, tar-, and oil-
contaminated soil samples, the developed assay is also
applicable in the enumeration of naphthalene-degrading
bacteria in large-scale remediation processes. In the
analyzed samples, the highest amount of target gene was
detected in tar-contaminated soil containing the highest
concentration of aromatics. This is in good agreement
with previous studies in which the amount of naphthalene
dioxygenase genes identified from Proteobacteria have
been shown to correlate with the contaminant content in
polluted environment [5, 25].

In conclusion, our results illustrate that, with careful
primer design, PCR assays can provide a powerful tool for
studying biological functions in the environment. By
using naphthalene dioxygenase genes from species in the
g- and b-subclass of Proteobacteria as a model group, we
developed an assay targeting a phylogenetically closely
related group of bacteria with similar naphthalene
degradation potential. With the assay, we were able to
acquire quantitative information on the distribution and
growth of this group of functionally related bacteria in
environmental samples. Moreover, it was shown how this
quantitative information obtained from real-time PCR
analysis can be linked to contaminant degradation and the
progress of the remediation process. As more information
on the degradation of other contaminants becomes
available, the approach described herein will enable the
design of more primer sets corresponding to other
bacterial groups with specific degradation characteristics
and evolutionary origin. As a result, the reliability of
environmental process monitoring by molecular biologi-
cal methods is increased.

Acknowledgments

We thank Anu Kapanen M.Sc. for helpful and valuable
discussions. We also thank Dr. Tove Johansen (Technical
University of Denmark) for kindly providing the P. putida
strain OUS82. The work was supported by Ekokem
Foundation (Finland), the Clean World Research
Programme of VTT Biotechnology, and the National
Technology Agency of Finland (Tekes).

References

1. Altschul, SF, Madden, TL, Schaffer, AA, Zhang, J, Zhang, Z, Miller,
W, Lipman, DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids Res
25: 3389–3402

2. Baldwin, BR, Nakatsu, CH, Nies, L (2003) Detection and
enumeration of aromatic oxygenase genes by multiplex and
real-time PCR. Appl Environ Microbiol 69: 3350–3358

3. Beller, HR, Kane, SR, Legler, TC, Alvarez, PAA (2002) A real-time
polymerase chain reaction method for monitoring anaerobic,
hydrocarbon-degrading bacteria based on a catabolic gene.
Environ Sci Technol 36: 3977–3984

4. Cerniglia, CE (1984) Microbial metabolism of polycyclic aromatic
hydrocarbons. Adv Appl Microbiol 30: 31–71

5. Dionisi, HM, Chewning, CS, Morgan, KH, Menn, FM, Easter, JP,
Sayler, GS (2004) Abundance of dioxygenase genes similar to
Ralstonia sp. strain U2 nagAc is correlated with naphthalene
concentrations in coal tar-contaminated freshwater sediments.
Appl Environ Microbiol 70: 3988–3995

6. Ferrero, M, Llobet-Brossa, E, Lalucat, J, Garcı́a-Valdés, E,
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