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Our abilities to detect and enumerate pollutant-biodegrading microorganisms in the environment are
rapidly advancing with the development of molecular genetic techniques. Techniques based on multiplex and
real-time PCR amplification of aromatic oxygenase genes were developed to detect and quantify aromatic
catabolic pathways, respectively. PCR primer sets were identified for the large subunits of aromatic oxygenases
from alignments of known gene sequences and tested with genetically well-characterized strains. In all, primer
sets which allowed amplification of naphthalene dioxygenase, biphenyl dioxygenase, toluene dioxygenase,
xylene monooxygenase, phenol monooxygenase, and ring-hydroxylating toluene monooxygenase genes were
identified. For each primer set, the length of the observed amplification product matched the length predicted
from published sequences, and specificity was confirmed by hybridization. Primer sets were grouped according
to the annealing temperature for multiplex PCR permitting simultaneous detection of various genotypes
responsible for aromatic hydrocarbon biodegradation. Real-time PCR using SYBR green I was employed with
the individual primer sets to determine the gene copy number. Optimum polymerization temperatures for
real-time PCR were determined on the basis of the observed melting temperatures of the desired products.
When a polymerization temperature of 4 to 5°C below the melting temperature was used, background fluo-
rescence signals were greatly reduced, allowing detection limits of 2 X 10> copies per reaction mixture.
Improved in situ microbial characterization will provide more accurate assessment of pollutant biodegrada-
tion, enhance studies of the ecology of contaminated sites, and facilitate assessment of the impact of reme-

diation technologies on indigenous microbial populations.

The adoption of molecular genetic techniques has greatly
improved our ability to characterize microbial populations in
situ, leading to more accurate assessments of pollutant biodeg-
radation and the impact of remediation technologies. Initially,
biases associated with culturing were avoided by using DNA
hybridization techniques with probes containing the catabolic
gene of interest. Cross-hybridization at low stringency (46) and
exclusion of related but not identical genes at high stringency
(15, 30, 56) may produce false-positive and false-negative re-
sults with environmental samples. PCR amplification with
primers based on conserved regions within the gene of interest,
however, will permit amplification despite variability in the
overall sequence and detect genotypes not detected by hybrid-
ization alone. Molecular methods, particularly in quantitative
PCR (Q-PCR), continue to advance rapidly. Our laboratory
described a competitive Q-PCR technique to enumerate cate-
chol 2,3-dioxygenase genes as a means to evaluate bioreme-
diation of aromatic hydrocarbons at petroleum-contaminated
sites (35). Here we present primer sets targeting additional
aromatic catabolic genes and the use of real-time PCR for
quantification to extend our ability to enumerate genotypes
involved in biodegradation of aromatic pollutants.

The two main approaches to Q-PCR are competitive and
real-time PCR. In competitive PCR, a comparison of the in-
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tensities of the standard and target amplicons allows quantifi-
cation (42). One limitation of this method is that amplification
efficiency of the target and standard are not always equivalent.
Furthermore, post-PCR analysis of the products is labor-inten-
sive and not amenable to the large-scale screening of environ-
mental samples. Real-time PCR offers an accurate, sensitive
method of quantification without the labor-intensive postam-
plification analysis and assumptions required by competitive
PCR. Detection of product during amplification can be accom-
plished by several means, including molecular beacons (55),
hybridization probes (60), and BODIPY FL-labeled probes
and primers (27), but hydrolysis probes and DNA-binding dyes
are the most commonly reported methods. The hydrolysis
probe (TagMan) assay takes advantage of the 5’-nuclease abil-
ity of DNA polymerase to hydrolyze a labeled probe bound to
its target amplicon to produce a signal. The SYBR green assay
relies on fluorescence signal produced as the dye binds to
double-stranded DNA during the extension step. While the
hydrolysis probe provides an additional degree of specificity,
identifying an additional highly conserved region for the probe
may not always be possible. Furthermore, both the probe and
the primers must be from a highly conserved region of the
target to avoid biasing quantitation (2). Simpler methods using
DNA-staining dyes, such as SYBR green I, have been success-
ful (36, 62), do not require the design of an internal hybrid-
ization probe, and thus can be used with any established PCR
primers with only minor modifications of the described proto-
cols.

This study was conducted to develop multiplex and real-time
PCR procedures to quantify aromatic catabolic genes in envi-
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ronmental samples and eventually improve our understanding
of biodegradation in the field. The large subunit of aromatic
oxygenase genes was chosen as the indicator gene, because it
has been implicated in substrate specificity and is one of the
rate-limiting steps in aromatic hydrocarbon biodegradation
(14) and its DNA sequence is conserved for oxygenases tar-
geting the same substrate. Alignments were constructed from
groups of related oxygenase genes, and each primer set was
chosen from a conserved region unique to that group of oxy-
genases. Thus, a single primer set will detect an entire subfam-
ily of related oxygenase genes rather than a species-specific
catabolic gene. In all, PCR primer sets which targeted biphenyl
dioxygenase, naphthalene dioxygenase, toluene dioxygenase,
toluene/xylene monooxygenase, phenol monooxygenase, and
ring-hydroxylating toluene monooxygenase genes were identi-
fied. Testing and optimization with genetically well-character-
ized bacterial strains demonstrated the specificity of each
primer set. Multiplex PCR protocols were developed to permit
simultaneous detection of aromatic oxygenase genes and facil-
itate rapid screening of environmental samples. Real-time
PCR with SYBR green I was used to determine the gene copy
number with a quantification limit of 2 X 10* copies of target
per reaction mixture. The primer sets and real-time PCR
methods presented will be used to assess natural attenuation,
investigate the ecology of contaminated sites, and aid in opti-
mization of bioremediation in the field.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used are listed in
Table 1. Liquid cultures were grown overnight in minimal medium (34) supple-
mented with the appropriate carbon source with shaking (125 rpm) at 30°C.
Biphenyl and naphthalene were added as solids to the liquid medium or to the
lids of inverted agar plates. Toluene was provided as a gas in sealed containers
(43). Burkholderia sp. strain DNT was grown as described by Suen et al. (49).
Rhodococcus sp. strain RHA1, Rhodococcus erythropolis TA421, Pseudomonas
aeruginosa JI104, and Pseudomonas mendocina KR1 were grown on C medium
(31).

DNA extractions. DNA extractions from pure cultures except Rhodococcus sp.
strain RHA1 and R. erythropolis TA421 were performed using the FastDNA kit
(Bio 101, Vista, Calif.) and the FP120 FastPrep cell disruptor (Savant Instru-
ments, Inc., Holbrook, N.Y.). Strains TA421 and RHA1 were incubated with 2
mg of lysozyme per liter at 37°C for 1 h, and then total genomic DNA was
isolated as described previously (32). DNA concentrations were quantified by
fluorometry using a DNA fluorometer (model TKO100; Hoefer Scientific In-
struments, San Francisco, Calif.) calibrated with calf thymus DNA.

Phylograms and alignments. DNA and amino acid sequences of the large
subunits of aromatic oxygenases were retrieved from GenBank (3) and aligned
using Clustal W version 1.7 (54). Genes used for these alignments are given in
Table 1. Phylograms were constructed with DNAMAN software programs (Lyn-
non BioSoft, Vaudreuil, Quebec, Canada) using the neighbor-joining method
(45) and bootstrap analysis. Subfamilies of oxygenase genes were identified from
the phylograms. Alignments of the sequences of these subfamilies were examined
for conserved regions for use as PCR primers. To confirm that the chosen primer
sets were unique, alignments were also constructed with related oxygenase genes.
Chosen primer sets were also compared to sequences available on the GenBank
database to further confirm that primer sequences were unique to the target.
Primer Premier software (PREMIER Biosoft International, Palo Alto, Calif.)
was used to screen potential primer sets for hairpins and ensure that primer pairs
had similar annealing temperatures.

PCR primers and conditions. PCR primers were chosen from conserved
regions in the DNA sequences observed during alignment of each group of
aromatic oxygenases. A description of the PCR primers (patent pending) and
conditions is shown in Table 2. The following combinations of primers were also
used for multiplex PCR: PHE/NAH, TOL/TOD, and BPH2/BPH4. Annealing
temperatures for the three combinations of primers in multiplex PCR were 49,
55, and 62°C, respectively. All PCR mixtures contained 1X PCR buffer (Pro-
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mega, Madison, Wis.), 0.2 mM each of the four deoxynucleoside triphosphates
(Amersham Pharmacia, Piscataway, N.J.), and 1 U of Taq polymerase. Annealing
temperature and DNA (10, 1, and 0.1 ng), MgCl,, and primer concentrations
were optimized for each primer set. MgCl, concentrations were increased from
1.5 to 3.0 mM until yield decreased or failed to increase. Primer concentrations
were increased from 0.1 to 0.5 uM, except for BPH1 which was also tested at
lower concentrations. Conventional and multiplex PCR was performed in a
PTC-100 Programmable Thermal Controller (MJ Research, Inc., Waltham,
Mass.) with the following temperature program: (i) 10 min at 95°C; (ii) 30 cycles,
with 1 cycle consisting of 1 min at 95°C, 1 min at the optimum annealing
temperature, and 2 min at 72°C, and (iii) a final extension step of 10 min at 72°C.
All experiments included control reaction mixtures without added DNA. PCR
products were routinely visualized by running 10 pl of PCR mixture on 1%
agarose gels (Bio-Rad, Richmond, Calif.) in 1X Tris-acetate-EDTA (TAE)
buffer stained with ethidium bromide (0.0001%). Reproducibility was confirmed
by performing PCR with positive-control DNAs in triplicate as a minimum.

Hybridization experiments. Hybridization studies with PCR products of each
primer set with positive- and negative-control DNA were performed to confirm
specificity. Probes were generated by PCR incorporation of digoxigenin-labeled
dUTP. PCR products were separated on a 1% agarose gel and transferred to a
nylon membrane (Hybond-N+; Amersham Pharmacia) by alkaline transfer. Hy-
bridization was performed overnight at 25°C below the predicted melting tem-
perature. Hybridization was performed under high (90%)- and medium (80%)-
stringency conditions by adjusting the temperature of posthybridization washes
(37). As noted in Results, low-stringency conditions (60%) were used as needed.
Probes were detected according to the manufacturer’s instructions (Roche Mo-
lecular Biochemicals, Indianapolis, Ind.). Prior to quantification by real-time
PCR, conventional PCR products were prescreened by visualization on agarose
gels to detect any nonspecific products and confirmed by hybridization.

Real-time PCR. Real-time PCR was performed on an ABI 7700 Sequence
Detector (Applied Biosystems, Foster City, Calif.). Q-PCR mixtures contained
1X cloned Pfu buffer (Stratagene, La Jolla, Calif.), 0.2 mM each of the four
deoxynucleoside triphosphates, SYBR green (diluted 1:30,000; Molecular
Probes, Eugene, Oreg.), and 1 U of PfuTurbo HotStart DNA polymerase (Strat-
agene). Annealing temperatures, primer concentrations, and MgCl, concentra-
tions for real-time PCR were identical to those for conventional PCR (Table 2).
DNA standards ranging from 1 to 10™* ng/ul were prepared from serial dilutions
of DNA extracts from positive-control strains. To determine the melting tem-
peratures of amplification products, melting curves were acquired by heating to
95°C for 1 min, cooling to 5°C below the annealing temperature, and ramping the
temperature at 0.2°C/s to 95°C. Fluorescence measurements were taken during
the final temperature ramp. The temperature of the extension step in subsequent
PCRs was set at 4 to 5°C below the observed melting temperature. Melting
curves were also routinely checked to confirm quantification of the desired
product.

Threshold cycle number calculation. The Sequence Detector program (ver-
sion 1.7) subtracted background signal for each sample during cycles 3 through
15. The fluorescence threshold was computed as 10 times the standard deviation
of the background signals, and fractional cycle numbers were computed and
found to correlate inversely to the log of the initial template concentration. The
best fit (by the least-squares method) was then used to plot the standard curve.
The lower detection limit was defined as the lowest template concentration which
resulted in a threshold cycle (C,) that was significantly less than the total number
of cycles performed (a = 0.05). Gene copy numbers were calculated from
concentrations of positive-control standards assuming 9.12576 X 10'* bp/pg of
DNA, 4.6 Mbp per genome, and one gene copy per genome.

RESULTS AND DISCUSSION

Phylogeny of the large subunits of aromatic oxygenases. The
large subunits of aromatic oxygenases with the same reported
substrate specificity are, in general, closely related (Fig. 1), but
distinct types are evident. The first type (N), consisting primar-
ily of naphthalene dioxygenases, contains two families (N.1 and
N.2) each with multiple subfamilies. Naphthalene dioxygenase-
specific primers (NAH primers) target the N.2.A subfamily
of naphthalene dioxygenases with high sequence identity to
nahAc from Pseudomonas putida G7. The dntAc gene from
Burkholderia sp. strain DNT belongs to this phylogenetic sub-
family, as indicated by the relatively high DNA sequence iden-
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TABLE 1. Aromatic oxygenase genes used to deduce conserved regions for PCR primers

Gene

GenBank
accession no.

Source organism

Reference or source

Biphenyl dioxygenase
bphA
bphAl
bphAl
bpdCl1
bphAl
bphA
bphAl
bphAl
bphAl
bphAl

Isopropylbenzene and ethylbenzene
dioxygenases
ipbAl
ipbA1
ipbAa
cumAl
edoAl

Naphthalene dioxygenase
nahAc
doxB
nahAc
ndoC2
pahAc
pahA3
nahA3
nagAc
dntAc
phnAc
phnAc
nahAc
nahAc
nahAc
nahAc
nahAc
narAc
nahAc

Toluene/benzene/chlorobenzene
dioxygenase
todC1
bedC1
tchbAa

Toluene monooxygenase
xyIM
xyIM
ntnM

Ring hydroxylating monooxygenases

tmoF
thuAl
thhA

tbmD
bmoA

Phenol hydroxylase

dmpN

phhN

Phenol hydroxylase alpha subunit
Phenol hydroxylase alpha subunit
Phenol hydroxylase alpha subunit
Phenol hydroxylase alpha subunit
Phenol hydroxylase alpha subunit
poxD

U47637
D17319
X80041
U27591
D88021
M86348
M83673
D32142
AJ010057
U95054

024277
U53507
AF006691
D37828
AF049851

M83949

M60405

U49496

AF004284
AB004059
D84146

AF010471
AF036940
U62430

AF061751
AB024945
AF053737
AF053736
AF053735
AF093000
AF092998
AF082663
AF039533

J04996
L04642
U15298

D63341
AF019635
AF043544

M95045
U04052
AF001356
L40033

M60276

X79063

AB016863
AB016862
AB016861
AB016859
AB016858
AF026065

Comamonas testosteroni B-356
Pseudomonas sp. strain KKS102
Rhodococcus globerulus P6
Rhodococcus sp. strain M5
Rhodococcus erythropolis TA421
Burkholderia sp. strain LB400
Pseudomonas pseudoalcaligenes KF707
Rhodococcus sp. strain RHA1
Burkholderia sp. strain JB1
Pseudomonas sp. strain B4

Rhodococcus erythropolis BD2
Pseudomonas sp. strain JR1
Pseudomonas putida RE204
Pseudomonas fluorescens 1P01
Pseudomonas fluorescens CA-4

Pseudomonas putida G7

Pseudomonas sp. strain C18

Pseudomonas sp. strain 9816-4
Pseudomonas putida ATCC 17484
Pseudomonas putida OUSS82

Pseudomonas aeruginosa PaK1
Pseudomonas putida BS202

Pseudomonas sp. strain U2

Burkholderia sp. strain DNT

Burkholderia sp. strain RP007

Alcaligenes faecalis AFK2

Cycloclasticus sp. strain 1P-32
Neptunomonas naphthovorans NAG-2N-126
Neptunomonas naphthovorans NAG-2N-113
Cycloclasticus sp. strain W

Cycloclasticus pugetii PS-1

Rhodococcus sp. strain NCIMB12038
Pseudomonas stutzeri AN10

Pseudomonas putida F1
Pseudomonas putida ML2
Pseudomonas sp. strain P51

Pseudomonas putida mt-2
Pseudomonas putida HS1
Pseudomonas sp. strain TW3

Pseudomonas mendocina KR1
Ralstonia picketti PKO1
Burkholderia cepacia AA1
Pseudomonas sp. strain JS150
Pseudomonas aeruginosa J1104

Pseudomonas putida CF600
Pseudomonas putida P35X
Comamonas testosteroni R2
Comamonas sp. strain E6
Burkholderia cepacia E1
Pseudomonas putida P-6
Pseudomonas putida P-8
Ralstonia sp. strain E2

M. Dignum

47

8

J. Parales
C. Hamann
52

N. Takizawa

H. Kiyohara
B. P. Hedlund

U. Harayamal
D. Kunz
21

61
6
30a
22

39
38
H. Futamata
H. Futamata
H. Futamata
H. Futamata
H. Futamata
20
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TABLE 2. PCR primers and conditions for conventional PCR
Tb MgCl, Primer . Expected
Primer” Target Sequence CC) concn  concn (°6) product
(mM) (M) size (bp)
NAH-F Naphthalene dioxygenase 5'-CAAAA(A/G)CACCTGATT(C/T)ATGG 47 2.5 0.3 83 377
NAH-R 5'-A(C/T)(A/G)CG(A/G)G(C/G)GACTTCTTTCAA
TOD-F Toluene dioxygenase 5'-ACCGATGA(A/G)GA(C/T)CTGTACC 53 2.0 0.5 83 757
TOD-R 5'-CTTCGGTC(A/C)AGTAGCTGGTG
TOL-F Xylene monooxygenase 5" TGAGGCTGAAACTTTACGTAGA 55 2.5 0.2 82 475
TOL-R 5'-CTCACCTGGAGTTGCGTAC
BPHI-F  Biphenyl dioxygenase 5'-GGACGTGATGCTCGA(C/T)CGC 57 2.0 0.06 88 671
BPHI1-R 5'-TGTT(C/G)GG(C/T)ACGTT(A/C)AGGCCCAT
BPH2-F  Biphenyl dioxygenase 5'-GACGCCCGCCCCTATATGGA 63 2.5 0.1 88 724
BPH2-R 5'-AGCCGACGTTGCCAGGAAAAT
BPH3-F  Biphenyl dioxygenase 5'-CCGGGAGAACGGCAGGATC 62 1.5 0.1 87 570
BPH4-F 5'-AAGGCCGGCGACTTCATGAC 63 15 0.4 87 452
BPH3-R¢ 5'-TGCTCCGCTGCGAACTTCC
RMO-F  Toluene monooxygenase  5'-TCTC(A/C/G)AGCAT(C/T)CAGAC(A/C/G)GACG 53 3 0.4 82 466
RMO-R 5'-TT(G/T)TCGATGAT(C/G/T)AC(A/G)TCCCA
RDEG-F  Toluene monooxygenase  5'-T(C/T)TC(A/C/G)AGCAT(A/C/T)CA(A/G)AC(A/C/G)GA(C/T)GA 52 3 0.5 87 466
RDEG-R 5'-TT(A/G/T)TCG(A/G)T(A/G)AT(C/G/T)AC(A/G)TCCCA
PHE-F Phenol monooxygenase 5'-GTGCTGAC(C/G)AA(C/T)CTG(C/T)TGTTC 49 4 0.3 86 206
PHE-R 5'-CGCCAGAACCA(C/T)TT(A/G)TC

“ Forward (—F) and reverse (—R) primers are indicated.

> T,, the annealing temperature used during real-time PCR.

¢ T,, the polymerization temperature used during real-time PCR.
4 BPH3-R is used with BPH3-F and BPH4-F.

tity to the naphthalene dioxygenase gene nagAc of Pseudomo-
nas sp. strain U2 (92.1%). Furthermore, clones expressing
dinitrotoluene dioxygenase convert naphthalene to the corre-
sponding cis-dihydrodiol (49). The nahAc primers developed
by Hamann et al. (18), Laurie and Lloyd-Jones (29), Wilson et
al. (59), and in this study are based on reviews of a diverse
group of nahAc genes and target the N.2.A subfamily (NAH
primers). On the basis of our alignments, the 2-nitrotoluene
dioxygenase primers (44) would amplify some but perhaps not
all naphthalene dioxygenase genes from the N.2.A subfamily.
The primary advantage of the NAH primers described here is
that they target the entire N.2.A subfamily including dntAc and
nagAc genes without mismatches. The other naphthalene di-
oxygenase subfamilies not targeted by the NAH primers are
sequences from marine isolates (16, 19) and the polycyclic
aromatic hydrocarbon-attacking dioxygenases from Alcaligenes
faecalis AFK2 and Burkholderia sp. strain RP007. An addi-
tional nontarget sequence, narAa from Rhodococcus sp. strain
NCIMB 12038, appears to be more closely related to biphenyl
and toluene dioxygenases than other naphthalene dioxygen-
ases (29).

The second type of aromatic dioxygenase is composed of two
families of biphenyl and monoaromatic dioxygenases (Fig. 1,
families D.1 and D.2). The sequence similarity and functional
overlap of biphenyl and alkyl-benzene dioxygenases, including
toluene dioxygenase, has been noted previously (14, 48). The
D.1 family includes two subfamilies of biphenyl dioxygenases
from gram-negative organisms (D.1.B and D.1.C) (50) and a
subfamily of monoaromatic dioxygenase genes (D.1.A). The

second family (D.2) is comprised of two subfamilies of biphe-
nyl dioxygenases from gram-positive organisms (D.2.A and
D.2.B) and a subfamily of toluene dioxygenases (D.2.C). The
D.2.B subfamily included ipbAl from R. erythropolis BD2
which had a higher DNA sequence identity to bphAI from
Rhodococcus sp. strain RHA1 than to isopropylbenzene dioxy-
genases from gram-negative organisms. Separate BPH primer
sets were found to detect and distinguish between all four
biphenyl dioxygenase subfamilies as shown in Fig. 1A. The
BPH4 primers allow amplification of biphenyl and isopropyl-
benzene dioxygenases within the D.2 family, whereas the
BPH3 primers are specific for the D.2.A subfamily. Biphenyl
dioxygenase-specific primers have also been reported previ-
ously (44); however, sequence alignments with todC1 indicated
only two mismatches, which suggests that toluene dioxygenase
genes may also be amplified by this primer set. The D.2.C
subfamily of dioxygenases for toluene, benzene, and chloro-
benzene degradation, are closely related and were used to
deduce toluene dioxygenase-specific primers (TOD primers).

The sequences of the large subunits of toluene monooxy-
genase genes were also aligned. The two types revealed with
this alignment (Fig. 1B) differed in their mode of attack, ring-
hydroxylating monooxygenases (type R) and alkyl group-hy-
droxylating monooxygenases (type T). With two exceptions,
the ring-hydroxylating monooxygenases were divided into fam-
ilies on the basis of substrate specificity: two families of aro-
matic hydrocarbon-attacking monooxygenases (R.2 and R.3)
and one family of phenol hydroxylases (R.1). The two excep-
tions are phlK from Ralstonia eutropha JMP134, which grouped
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FIG. 1. (A) Phylogenetic analysis of the large subunits of aromatic
dioxygenase genes. The tree was constructed by the neighbor-joining
method (54) and bootstrapping analysis. Designations at branch
points, e.g., D.1.A, indicate type (D), family (2), and subfamily (A).
Subfamilies of genes were used to perform alignments leading to the
identification of PCR primer sets. (B) Phylogenetic analysis of the
large subunits of ring-hydroxylating monooxygenase genes. Isolates are
described in Table 1.

with the toluene monooxygenases, and tbmD from Burkhold-
eria sp. strain JS150, which is more closely related to the phe-
nol hydroxylases. Johnson and Olsen (22) have previously
shown that the tbm operon from strain JS150 has the same
gene arrangement and strong sequence identity to the phenol
hydroxylases encoded by the dmp, phe, and phh genes of strains
CF600, BH, and P35X, respectively. Moreover, tbmD is also
responsible for oxidation of o-cresol produced from the initial
hydroxylation of toluene, supporting the association of this
family with oxidation of hydroxylated substrates (23). Members
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of the R.2 and R.3 families will oxidize hydroxylated interme-
diates in addition to toluene (fouA). PhIK has been described
as a phenol hydroxylase, but its specificity has not been rigor-
ously determined. Thus, it may also be active in toluene oxi-
dation and belong to this phylogenetic family. On the basis of
the apparent phylogeny, four primer sets were identified to
detect each family as shown (Fig. 1B). RDEG primers were
designed to amplify families R.2 and R.3, whereas the RMO
primers are specific for the R.2 family. Species-specific primer
sets which amplify fragments of todC1 from P. putida F1 and
toluene-4-monooxygenase (tmoAa) from P. mendocina KR1
have been described in the literature (40, 44). However, these
primers may not amplify benzene, toluene, and chlorobenzene
dioxygenase genes related to todCI or the R.2 family of tolu-
ene monooxygenases related to tmoA (Fig. 1B).

PCR primer testing and optimization. To test specificity,
PCR amplification with each primer set was performed with
DNAs from positive-control strains containing the target and
negative-control strains containing other oxygenase genes. For
each primer set, amplification with positive-control DNA
yielded amplification products of the predicted size. In most
cases, no products were observed with negative-control DNA
templates, but a few exceptions were noted. With reaction
mixtures containing NAH primers and P. putida HS1 DNA as
the template, an approximately 850-bp product which did not
hybridize to the NAH/G7 probe was observed (Fig. 2). Ampli-
fication of a fragment of the toluene monooxygenase gene xy/M
with the NAH primers seems unlikely, since no products were
observed when DNA from P. putida mt-2 was used. Although
unexpected, this product was easily distinguished from the
NAH product and did not generate false-positive results with
environmental samples (B. R. Baldwin, C. H. Nakatsu, and
L. Nies, unpublished data). Admittedly, the NAH primers de-
scribed here and cited previously can be used to detect only a
subset of naphthalene dioxygenase genes; however, detection
of this subfamily may be an indicator of naphthalene catabolic

FIG. 2. NAH primer specificity confirmation by agarose gel elec-
trophoresis. The specificity of each primer set was confirmed by PCR
with positive- and negative-control templates (A), followed by hybrid-
ization experiments with gene probes created from positive-control
strains (B). Lanes: M, 100- to 3,000-bp markers; 1, P. putida G7; 2,
Burkholderia sp. strain DNT; 3, P. putida F1; 4, P. putida HS1; 5,
P. putida mt-2.
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FIG. 3. Multiplex PCR amplification. Multiplex PCR amplification
performed with mixtures of positive-control DNAs. Lanes: M, 100- to
3,000-bp markers; 1, NAH/PHE primers with P. putida G7 and Pseudo-
monas sp. strain CF600 DNAs; 2, TOL/TOD primers with P. putida
HS1 and P. putida F1 DNAs; 3, BPH2/BPH4 primers with P. pseudoal-
caligenes KF707 and Rhodococcus sp. strain RHA1 DNAs.

ability (12, 17). PCR with the RMO primers produced an
amplicon of approximately 460 bp with P. mendocina KR1
despite two predicted mismatches with each primer. The prod-
uct weakly hybridized with the RMO probe constructed from
JI104 template under low-stringency conditions. Thus, the
RMO primers allowed amplification of ring-hydroxylating tol-
uene monooxygenase genes from the R.2 and R.3 families.
Amplicons characteristic of a phenol hydroxylase gene were
observed in reactions with PHE primers and KR1 and JI104
DNAs. The product resulting from KR1 template hybridized
under medium-stringency conditions to the PHE/CF600 probe,
whereas the JI104 product hybridized to the probe only under
low-stringency conditions. There should be sufficient mis-
matches between the PHE primers and the monooxygenase
genes to prevent amplification; therefore, a gene downstream
in the pathway was possibly amplified. Because both strains
produce methyl-substituted phenols from toluene, downstream
phenol hydroxylases would seem likely. A product character-
istic of the BPH2 subfamily of biphenyl dioxygenases was also
observed with JI104. Since the product hybridized to the
BPH2/KF707 probe under high-stringency conditions and bi-
phenyl will support its growth, JI104 is believed to contain a
bph operon in addition to the known bmo operon.

Multiplex PCR. Combinations of primer sets based on op-
timum annealing temperatures were tested in multiplex PCR
to allow simultaneous detection and consequently, faster sam-
ple processing. Although the range of primer annealing tem-
peratures excluded many combinations, the PHE/NAH, TOL/
TOD, and BPH2/BPH4 primer sets shown in Fig. 3 allowed
reliable detection in multiplex PCR experiments. Product
yields with the TOL and TOD primers and the BPH2 and
BPH4 primers were unchanged in multiplex reactions. Ampli-
fication of the PHE product was reduced slightly in multiplex
reactions judging from product intensity, but products could
still be observed with template concentrations of 0.1 ng per
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reaction mixture (2 X 10* copies per reaction mixture) in a
10-fold-excess P. putida G7 template. Additional combinations
of multiplex reactions were attempted, but poor yield of one or
more of the products would preclude their use for environ-
mental samples.

An initial aromatic hydrocarbon catabolic screen consisting
of PHE/NAH multiplex PCR, TOL/TOD multiplex PCR, and
PCR with the RDEG primers could be used to document the
presence of aromatic catabolic genotypes prior to quantifica-
tion by real-time PCR. The biphenyl dioxygenase screen con-
sisting of PCR with BPH1 primers and BPH2/BPH4 multiplex
PCR would determine the presence of known biphenyl dioxy-
genase genes. Considering the cooccurrence of biphenyl and
monoaromatic catabolic pathways demonstrated here by P.
aeruginosa JI1104, a biphenyl dioxygenase screening would be
valuable for petroleum-contaminated sites in addition to sites
in which polychlorinated biphenyls are encountered. Initial
screening of environmental samples by multiplex PCR would
reduce overall analysis cost, and any nonspecific products
formed would be noted prior to real-time PCR.

Real-time PCR amplification. To determine how easily real-
time PCR could be conducted with existing primers, experi-
ments were initially performed with the optimum conditions
determined by conventional PCR. For some primer sets, no
modifications of PCR conditions were needed and a log-linear
relationship was observed between copy number and C,. For
others, a significant background fluorescence signal was ob-
served even for no-template control samples. After determin-
ing that the signal in no-DNA controls was not a result of
contamination, PfuTurbo HotStart DNA polymerase was used
to decrease formation of any nonspecific products. This mea-
sure alone did not eliminate background signal, so melting
curves were developed to aid in choosing an extension tem-
perature (Fig. 4). The large change in fluorescence signal dur-
ing the temperature ramp occurs at the melting point of the
desired product (92°C). By collecting fluorescence data at ex-
tension temperatures near the melting temperature of the de-
sired product, background fluorescence signals from primer
dimers were greatly reduced. Temperatures of the extension
step (Table 2) were as high as 88°C, which is considerably
higher than the 72°C commonly used. Following optimization,
standard curves were developed with known template concen-
trations. For all primer sets, a log-linear relationship was found
between copy number and C, values for template concentra-
tions ranging from 2 X 10° to 2 X 10* copies per reaction
mixture. Template concentrations greater than 2 X 10° copies
inhibited amplification, as judged by increasing C, values. The
lower detection limit was 2 X 10% copies per reaction mixture
for all primer sets. Reducing background fluorescence signal
by using a HotStart polymerase and optimizing the polymer-
ization temperature appear to be critical in decreasing detec-
tion limits.

Isolation of aromatic hydrocarbon-degrading organisms has
traditionally relied on selective enrichment, which has been
shown to reduce diversity (9). Therefore, the phylograms
shown in Fig. 1 represent the diversity only of currently known
aromatic oxygenase gene sequences, not the true environmen-
tal diversity. As the number of available sequences increases,
conserved regions used for primers can be identified more
accurately and sequence variability can be assessed more thor-
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FIG. 4. (A) Melting curve of amplification product with primer
BPHI1. No-template control (O) and 1 ng of Rhodococcus sp. strain
RHAL1 () were used. The melting point of the PCR product can be
identified by the peak in the plot of —dF/dT as a function of temper-
ature during a 0.2°C/s temperature ramp at the end of the run. For the
BPH4 product shown, the observed melting temperature is approxi-
mately 92°C. Subsequent real-time PCR with the BPH4 primers used
a polymerization temperature of 87°C. (B) Amplification plot with
primer BPH4. Different numbers of copies were used as follows: 107
(m), 10° (O), 10° (®), 10* (<), and 10° (@) copies per reaction mixture.
O, no-template control.

oughly. This study was conducted to develop PCR primers and
Q-PCR protocols to detect specific aromatic catabolic geno-
types without excluding related but uncharacterized genes.
Therefore, we reviewed available DNA sequences for con-
served regions unique to each particular subfamily of oxygen-
ase gene to use as PCR primers. In this manner, uncharacter-
ized members of a subfamily are less likely to be excluded from
detection.

At sites contaminated by gasoline and diesel fuel, aromatic
hydrocarbons pose the greatest threat to human health and the
environment. Consequently, concentrations of benzene, tolu-
ene, and xylenes (BTX) in groundwater are often measured
quarterly and used as remediation endpoint criteria. Samples
taken to document contaminant concentrations could also be
readily available for DNA extractions and genetic character-
ization. In preliminary experiments with aquifer samples from
gasoline-contaminated sites, oxygenase genes were routinely
enumerated in contaminated wells, but none were detected in
upgradient wells where BTX was not detected (B. R. Baldwin,
L. Nies, and C. H. Nakatsu, submitted for publication). The
real-time PCR assays described here can be used to enumerate
catabolic genes involved specifically in the biodegradation of
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aromatic pollutants. Real-time PCR with oxygenase-specific
primers will provide scientists and engineers with direct and
more accurate feedback than culture-based assays to deter-
mine the effectiveness of monitored natural attenuation and to
optimize operating variables (e.g., oxygen addition) and would
complement contaminant removal data for site characteriza-
tion. In addition, such a measure would allow investigation of
the microbial ecology of petroleum-contaminated sites to de-
termine the roles of currently known catabolic pathways in
bioremediation in the field.
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