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We developed procedures for isolating and characterizing in situ-transcribed mRNA from groundwater
microorganisms catabolizing naphthalene at a coal tar waste-contaminated site. Groundwater was pumped
through 0.22-mm-pore-size filters, which were then frozen in dry ice-ethanol. RNA was extracted from the
frozen filters by boiling sodium dodecyl sulfate lysis and acidic phenol-chloroform extraction. Transcript
characterization was performed with a series of PCR primers designed to amplify nahAc homologs. Several
primer pairs were found to amplify nahAc homologs representing the entire diversity of the naphthalene-
degrading genes. The environmental RNA extract was reverse transcribed, and the resultant mixture of cDNAs
was amplified by PCR. A digoxigenin-labeled probe mixture was produced by PCR amplification of ground-
water cDNA. This probe mixture hybridized under stringent conditions with the corresponding PCR products
from naphthalene-degrading bacteria carrying a variety of nahAc homologs, indicating that diverse dioxyge-
nase transcripts had been retrieved from groundwater. Diluted and undiluted cDNA preparations were
independently amplified, and 28 of the resulting PCR products were cloned and sequenced. Sequence com-
parisons revealed two major groups related to the dioxygenase genes ndoB and dntAc, previously cloned from
Pseudomonas putida NCIB 9816-4 and Burkholderia sp. strain DNT, respectively. A distinctive subgroup of
sequences was found only in experiments performed with the undiluted cDNA preparation. To our knowledge,
these results are the first to directly document in situ transcription of genes encoding naphthalene catabolism
at a contaminated site by indigenous microorganisms. The retrieved sequences represent greater diversity than
has been detected at the study site by culture-based approaches.

Among the many goals of microbial ecology is identification
of the microorganisms and genes that are responsible for cat-
alyzing biogeochemical reactions in soil, water, and sediment
(5, 30, 58). Techniques that focus on markers of in situ metab-
olism that are specific and transient, such as unstable metab-
olites (2, 71) and mRNA, offer the possibility of measuring
activity that is taking place at the time of sampling (71). mRNA
transcripts are short-lived and unique nucleic acid sequences
that can be detected with a high degree of specificity. When
nucleic acid sequence information is available for the analysis
of specific transcripts, this approach obviates the need for
culturing microorganisms or incubating environmental sam-
ples under laboratory-imposed conditions and, therefore, may
avoid the biases and limitations of other methods (30, 31).
Retrieved transcripts can be used to compare environmental
expression of individual members of gene families. Thus, when
properly applied to field samples, mRNA-based methods may
be useful in determining relationships between environmental
conditions prevailing in microbial habitats and particular in
situ activities of native microorganisms.

mRNA extraction techniques have been used to examine
diverse microbiological processes, including in situ carbon fix-
ation in oceans (48–52) and lakes (73), in situ nitrogen assim-
ilation by the marine cyanobacterium Trichodesmium thiebautii
(28, 72, 75), in situ mercury volatilization in freshwater (25, 26,
43), naphthalene metabolism in samples of soil (11, 56, 57),

methane monooxygenase transcription in samples of trichloro-
ethylene-contaminated soils (12), and potential biodegradation
activities of microorganisms in deep subsurface samples (45).

The metabolism of naphthalene begins with the dioxygen-
ase-mediated formation of 1,2-dihydroxy-1,2-dihydronaphtha-
lene (6, 63). The iron-sulfur protein components of dioxygen-
ases that catalyze this type of reaction are typically composed
of two identical large subunits and two identical small subunits
(19, 38, 70). The large subunit, thought to confer substrate
specificity (14, 47), is encoded by nahAc in the model naph-
thalene-degrading organism, Pseudomonas putida G7 (74).
The sequences of several related subunits have been deter-
mined (see below).

The primary objective of this investigation was to use reverse
transcription-PCR (RT-PCR) to analyze the expression of the
genes encoding naphthalene catabolism in microorganisms re-
siding in a coal tar waste-contaminated site. To achieve this
goal, we (i) improved methods for the extraction of in situ-
transcribed mRNA from groundwater microorganisms present
at low cell concentrations; (ii) incorporated approaches to limit
changes in the physiological status of the native cells; (iii)
designed a suite of PCR primers, targeted at conserved regions
of naphthalene dioxygenases, to maximize the probability of
detection and analysis of diverse sequences; (iv) tested the set
of primers on diverse naphthalene-degrading isolates to ensure
that we could amplify diverse naphthalene dioxygenase se-
quences; (v) reverse transcribed and amplified specific frag-
ments from mRNA transcripts retrieved from site ground-
water; (vi) assessed the diversity of sequences which were
retrieved and amplified by hybridization analysis, using the
digoxigenin-labeled RT-PCR products as probes and the cor-
responding PCR products of diverse isolates as targets; and
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(vii) cloned and analyzed the mRNA sequences amplified from
both diluted and undiluted preparations of groundwater-de-
rived cDNA.

MATERIALS AND METHODS

Site. The study site is a rural wooded area in upstate New York, where coal tar
waste was buried in a shallow trench in the early 1960s. The source material was
removed, and the groundwater plume is undergoing intrinsic bioremediation.
This site has been described previously (41) and has been used extensively for a
variety of field-oriented microbiological studies (21–23, 33–36, 40, 55, 61, 71). A
plan view of the site is presented in Fig. 1.

Groundwater sampling. Groundwater samples were collected at a flow rate of
300 ml/min after purging 4 well volumes with a peristaltic pump with new
polyethylene tubing. Cells in 5 liters of groundwater (collected for '17 min) were
concentrated onto 142-mm-diameter Millipore Corp. (Bedford, Mass.) Dura-
pore membranes (pore size, 0.22 mm), placed in sterile Whirlpak bags, and
frozen immediately by immersion in a dry ice-ethanol bath. Samples remained on
dry ice during transport to the laboratory, where they were transferred to a
285°C freezer.

Microorganisms used in this study. P. putida G7, originally isolated from soil
in Berkeley, Calif. (23), was a gift from G. S. Sayler, University of Tennessee,
Knoxville, Tenn. Comamonas testosteroni GZ39 and GZ42, originally isolated
from sediments of the Passaic River in New Jersey (16), were gifts from G. J.
Zylstra, Rutgers University. Genes for the large subunit of the dioxygenases
cloned from these organisms have approximately 80% (GZ42) and 55% (GZ39)
(15) identity to nahAc at the nucleotide level. P. putida Cg1 and putative Pseudo-
monas sp. strain Cg7 were previously isolated from a contaminated seep area at
the coal tar-contaminated site (23). Sequencing of PCR-amplified nahAc from
strains Cg1 and Cg7 indicated about 95% identity to nahAc from P. putida G7
and about 93% mutual identity (21).

Alignment of dioxygenases. Sixteen bacterial dioxygenase genes retrieved from
GenBank (3) and the sequence of C. testosteroni GZ39 phdAc (16), which was
kindly provided prior to publication by Gerben Zylstra, Rutgers University, were
aligned. The sequences included four dioxygenases from naphthalene-degrading
organisms (with GenBank accession numbers in parentheses): nahAc (M83949)
from P. putida G7 (60), doxB (M60405) from Pseudomonas sp. strain C18 (9),
ndoB (M23914) from P. putida NCIB 9816-4 (60), and nahAc (D16629) from
Pseudomonas sp. strain OUS82 (65). The sequences also included 11 dioxygenase
sequences from organisms capable of growth on either benzene, chlorobenzene,
benzoate, toluene, biphenyl, or chlorinated biphenyls: bedC1 (L04642) from
P. putida ML2 (66), benA (M76990) from Acinetobacter calcoaceticus ADP1 (44),
todC1 (J04996) from P. putida F1 (76), tcbA (U15298) from Pseudomonas sp.
strain P51 (68), xylX (M64747) from P. putida (20), bphA (M83673) from
P. pseudoalcaligenes KF707 (64), bphA (D16831) from Pseudomonas sp. strain
KKS102 (27), bphA1 (D32142) from Rhodococcus sp. strain RHA1 (37), bphA
(M86348) from Pseudomonas sp. strain LB400 (10), bphA1 (X80041) from
Rhodococcus globerulus P6 (1), and bpdC2 (U27591) from Rhodococcus sp. strain
M5 (69). Sequences were first aligned with the software programs EditSeq and
MegAlign (DNASTAR Inc, Madison, Wis.), and the alignments were then ad-
justed manually.

PCR primers. Degenerate PCR primers were designed with the aid of the
OLIGO 4.0 software package (National Biosciences, Inc., Plymouth, Minn.). To
target genes and mRNA transcripts that were specifically involved in naphtha-

lene degradation, the primers were chosen to distinguish nahAc-type dioxygen-
ase genes from all of the other characterized dioxygenases. The numbers used in
the primer names refer to the 59 end of each primer, using the nucleotide se-
quence of the P. putida G7 nahAc. The forward primers were Ab248F, 59-CGT
GACA(G/C)AGAACATCAAAACATA-39; Ac114F, 59-CTGGC(T/A)(T/A)TT
(T/C)CTCAC(T/C)CAT-39; and Ac307F, 59-TATCACGGCTGG(G/T)(G/C)
(C/T)TTCGGCT-39. The reverse primers were Ac596R, 59-C(G/A)GGTG(C/T)
CTTCCAGTTG-39; Ac893R, 59-AGTTGAGGTG(G/C)(G/C)(A/T)GCGATA-
39; and Ac1095R, 59-TTGTCA(T/C)TGTCGTCG(C/G)(T/C)TTC-39.

RNA extraction. RNA extraction was carried out by a modification of the
method of Jeffrey et al. (26) and incorporated procedures from the method of
Siering and Ghiorse (59). Chemicals and reagents were obtained from Sigma (St.
Louis, Mo.) except where otherwise noted and were of molecular biology grade.
Standard precautions against the presence of RNases were taken. Filters con-
taining groundwater microorganisms were manually crushed while still frozen in
their Whirlpak bags, and the pieces were poured into 40-ml screw-cap centrifuge
tubes. Then 5 ml of lysis buffer (1% sodium dodecyl sulfate, 0.1 M NaCl, 10 mM
Tris-HCl [pH 8.0], 1 mM EDTA) which had been preheated to 85°C was added,
and the tubes were capped, vortexed for 0.5 min, and placed in a boiling-water
bath for 5 min. The samples were vortexed again for 0.5 min, and the liquid was
decanted from the filter pieces into a new centrifuge tube, which was placed on
ice. The filter pieces were extracted three times with 5 ml of pH 5.1 buffer (50
mM sodium acetate, 10 mM EDTA [pH 5.1]) by vortexing for 0.5 min, and all
four of the decanted extracts were combined and incubated on ice for 15 min. A
15-ml volume of phenol, equilibrated with pH 5.1 buffer, was added, and the
sample was mixed vigorously. After incubation on ice for 5 min, the sample was
centrifuged at 10,000 3 g at 4°C for 15 min. The aqueous layer was removed to
another tube, reextracted with an equal volume of phenol-chloroform-isoamyl
alcohol (125:25:1) (pH 4.7), and centrifuged as above to separate the phases. The
resultant aqueous layer was extracted with an equal volume of chloroform-
isoamyl alcohol (25:1) and centrifuged to separate the phases, and RNA present
in the aqueous layer was precipitated overnight at 220°C with 0.5 volume of 7.5
M ammonium acetate, 2 volumes of absolute ethanol, and 2 ml of 20-mg/ml
glycogen. The precipitated RNA was pelleted at 12,000 3 g at 4°C for 30 min.
The supernatant was removed, and 5 ml of 70% ethanol at 220°C was washed
along the side of the tube, which was then centrifuged again at 12,000 3 g at 4°C
for 5 min. The supernatant was removed, and the tube was inverted and allowed
to dry for 15 min in a sterile hood. Precipitated RNA was resuspended in 2.1 ml
of buffer (10 mM Tris-HCl, 1 mM EDTA [pH 7.5]) containing 20% formamide
(the formamide was included, as suggested in reference 7, to facilitate resuspen-
sion and to protect the RNA from nucleases) by incubation at room temperature
for 30 min and then mixed by gently pipetting up and down. The RNA was
reprecipitated in three 1.7-ml tubes (700 ml/tube) overnight at 220°C by the
addition of 1/10 volume of 4 M sodium acetate (pH 4.0), 2 volumes of absolute
ethanol, and 1.5 ml of 20-mg/ml glycogen. RNA was pelleted at room tempera-
ture in a bench top microcentrifuge for 30 min. Supernatants were removed with
a pipette, and the pellets washed with 0.5 ml of 70% ethanol at 220°C. The tubes
were then centrifuged for 5 min, the supernatants were removed, and the tubes
were inverted and allowed to dry for 15 min in a sterile hood. Precipitated RNA
was resuspended by adding 30 ml of the 20% formamide buffer to each tube,
incubating at room temperature for 30 min, and gently pipetting the buffer up
and down. The three samples were combined and digested at 37°C for 3 h with
50 U of RNase-free DNase I (Ambion, Inc., Austin, Tex.) in a 0.5-ml volume
containing 2.5 mM CaCl2, 10 mM MgCl2, and 25 mM Tris-HCl (pH 7.5). The
reaction was stopped by addition of 0.1 ml of 50 mM EDTA. DNase-digested

FIG. 1. Plan view of the coal tar waste-contaminated site in Glens Falls, N.Y., showing the monitoring well where groundwater was collected.
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RNA samples were extracted with an equal volume of phenol-chloroform-
isoamyl alcohol and centrifuged at room temperature for 5 min to separate the
phases, and the aqueous layer was reserved. The organic layer was extracted
twice with 0.5 ml of buffer containing 10 mM Tris-HCl and 1 mM EDTA (pH
7.5). The combined aqueous extracts were extracted with chloroform-isoamyl
alcohol (25:1), and the aqueous phase of this extraction (final volume, approxi-
mately 1.5 ml) was precipitated for cDNA synthesis as outlined below.

cDNA synthesis. cDNA synthesis was carried out as suggested previously (4).
A 4-pmol sample of reverse primer was added to 0.5 ml of DNase-digested RNA
preparation and coprecipitated overnight at 220°C with sodium acetate-ethanol-
glycogen as above. The pellet was resuspended by incubation at room temper-
ature for 30 min in 40 ml of buffer containing 80 mM Tris-HCl (pH 8.0) and 80
mM KCl. The RNA was denatured at 70°C for 4 min and incubated at 48°C for
3 h to allow the primers to anneal (this prolonged incubation was critical for
successful cDNA synthesis from groundwater mRNA). Then 6 ml of 0.1 mM
dithiothreitol, 1.5 ml of 10 mM deoxynucleoside triphosphates (dNTPs), and
12 ml of buffer (375 mM KCl, 15 mM MgCl2, 250 mM Tris-HCl [pH 8.3]) were
added to the sample, and the solution was gently mixed and divided into two
30-ml aliquots. These aliquots were incubated at 42°C for 2 min, and 1 ml (200 U)
of Superscript II RNase H2 reverse transcriptase (Life Technologies, Gaithers-
burg, Md.) was added to one of the aliquots. The sample with no reverse
transcriptase functioned as a negative control. cDNA synthesis was carried out at
42°C for 3 h, after which the cDNA solutions were stored at 220°C.

PCR. PCR amplifications were carried out in 0.2-ml thin-walled PCR tubes
(Lab Product Sales, Rochester, N.Y.), with 50- or 100-ml volumes containing a
final concentration of 1 mM each primer, 50 mM each dNTP, 1.5 U of Taq
polymerase (Promega Corp., Madison, Wis.), 50 mM KCl, 10 mM Tris-HCl (pH
8.0), 1.5 mM MgCl2, 0.01% nuclease-free bovine serum albumin (New England
Biolabs, Beverly, Mass.), and 0.05% Tween 20. For amplification of mRNA
sequences, 2 ml of the cDNA reaction mixture was used as the template. For
amplification from pure cultures, a sterile platinum wire was touched to the
surface of a fresh naphthalene-grown colony and then swirled briefly in 10 ml of
sterile deionized water in a PCR tube. The cells were lysed by incubating the
PCR tube at 95°C for 5 min and then at 4°C for 5 min (21) before addition of the
PCR cocktail and cycling as described below. Reaction mixes were brought to
80°C in a thermal cycler (MJ Research Minicycler, Watertown, Mass.) for the
“hot-start” addition of dNTPs, after which a Touchdown PCR program (53) was
used, which consisted of 1 cycle of denaturation at 94°C for 1 min, annealing at
57°C for 1 min, and extension at 72°C for 1.5 min; 29 cycles in which the
annealing temperature was reduced 0.5°C/cycle from the preceding cycle; and
then 15 cycles of 94°C for 1 min, 42°C for 1 min, and 72°C for 1.5 min, with the
last cycle followed by a 5-min extension at 72°C. Amplification products were
separated in a 1.0% agarose gel and stained with ethidium bromide (54).

Production of digoxigenin-labeled RT-PCR product. Digoxigenin-labeled RT-
PCR product was produced by using primers Ac114F and Ac596R and the above
PCR procedure, except that the dTTP concentration was reduced to 35 mM and
digoxigenin-11-dUTP (Boehringer Mannheim, Indianapolis, Ind.) was included
at 15 mM, as suggested by the manufacturer. Ten PCRs were carried out in a
volume of 100 ml, each using 2 ml of undiluted cDNA as template, and the
resulting amplified products were combined. Then 500 ml of the PCR product
was loaded onto a 1% low-melting-temperature agarose (SeaPlaque GTG Aga-
rose; FMC BioProducts, Rockland, Maine) gel and run at 2.5 V/cm for 90 min.
After ethidium bromide staining, the band corresponding to the RT-PCR prod-
uct was excised from the gel. The labeled probe was quantified with a control
digoxigenin-labeled probe as described by Boehringer Mannheim for the Genius
system.

Hybridization. nahAc homologs were PCR amplified from several naphtha-
lene-degrading strains containing diverse naphthalene dioxygenase genes by us-
ing primers Ac114F and Ac596R. The strains and the identity which their dioxy-
genase large-subunit genes shared with nahAc, were as follows: P. putida G7,
100% (60); P. putida Cg1, 95% (23); putative Pseudomonas sp. strain Cg7, 95%
(23); and C. testosteroni GZ39, 55%, and GZ42, 80% (15). A 500-ng portion
(determined by densitometery with ethidium bromide-stained standards) of each
PCR product or control DNA (salmon sperm DNA, and lambda DNA digested
with HindIII) was suspended in 10 mM Tris-HCl–1 mM EDTA (pH 7.8) and
denatured by addition of 0.1 volume of 3 M NaOH and incubation at 60°C for
60 min. The DNA solutions were allowed to cool to room temperature, and 1
volume of 63 SSC (diluted from 203 SSC stock: 3 M NaCl plus 0.3 M sodium
citrate [pH 7.0]) was added. The samples were blotted onto a Magna Graph
(MSI, Westborough, Mass.) nylon membrane by using a vacuum-based dot-blot
apparatus (Bio-Rad, Hercules, Calif.) as specified by the membrane manufac-
turer. The blot was dried, and DNA was cross-linked to the membrane by baking
at 80°C for 60 min. Hybridization was carried out as suggested by Boehringer
Mannheim. Hybridization and prehybridization were carried out at 65°C in
SHB/50 buffer, containing 53 SSC, 2% blocking reagent, 0.1% N-lauroylsar-
cosine, 0.02% sodium dodecyl sulfate, and 50% formamide. The probe was
diluted in SHB/50 to 20 ng/ml, denatured by heating to 95°C for 10 min, and
cooled to 65°C. Prehybridization in SHB/50 was carried out for 120 min, after
which the prehybridization solution was discarded and the preheated probe
solution was added. Hybridization was allowed to occur for 18 to 24 h. The
membranes were washed twice for 15 min each in 23 wash solution (n3 wash
solution contains n3 SSC and 0.1% sodium dodecyl sulfate) which had been

preheated to 65°C. The membranes were washed twice for 15 min each to
achieve three stringencies: 0.33 wash solution (ca. 12% mismatch blot), 0.23
wash solution (ca. 9% mismatch blot), or 0.13 wash solution (ca. 5% mismatch
blot). The percent mismatch for a given wash buffer was calculated from the
formula Tm 5 (81.5 1 16.6 log[Na1] 1 0.41%G1C 2 600/l) 2 (1.25 3 percent
mismatch), where [Na1] represents the total salt concentration in moles, %G1C
represents the percentage of guanine-cytosine pairs in the probe sequence, and
l represents the length of the probe (39, 54). Bound probe was detected with the
Genius kit and CSPD chemiluminescent substrate for alkaline phosphatase, and
the X-ray film was exposed as specified by the manufacturer (Boehringer Mann-
heim).

Amplification, cloning, and sequencing of RT-PCR products. The experimen-
tal design sought to contrast sequences of transcripts that were abundant (de-
tected in diluted cDNA) and rare (detected in undiluted cDNA) in the ground-
water. Although we could not assume that the proportions of different transcripts
would be unaltered by the PCR, it is likely that the diluted cDNA preparation
contained fewer rare transcripts than the undiluted preparation did. Separate
aliquots of a 1:100 dilution of site-retrieved cDNA (a 1:200 dilution was the
lowest dilution to produce amplification products) were amplified in each of nine
independent PCRs (40-ml volume) with primers Ac114F and Ac596R. Five
separate aliquots of undiluted cDNA were processed in an identical manner.
After holding at 80°C for the hot-start addition of dNTPs, the thermal cycler
carried out 30 cycles of amplification consisting of 1 min at 94°C, 1 min at 43°C,
and 1 min at 72°C. A final extension was carried out at 72°C for 7 min, and the
reaction mixtures were then brought to 4°C. The PCR products were cloned with
the original T/A cloning kit (Invitrogen Corp., Carlsbad, Calif.) as specified by
the manufacturer. The nucleotide sequences were determined for one to six of
the cloned PCR products that were obtained from each of the 14 independent
PCR amplifications from the diluted or undiluted cDNA. Plasmid preparations
were carried out with the PlasmidPURE DNA miniprep kit (Sigma Chemical
Co.) as specified by the manufacturer. Sequences were determined by using the
Taq DyeDeoxy terminator cycle-sequencing procedure on an Applied Biosys-
tems (Foster City, Calif.) 373 DNA sequencer at the Automated Sequencing
Facility of the Cornell University Center for Advanced Technology. Nucleotide
sequencing of the inserts was carried out in both directions with primers that
corresponded to the M13 (59-CAGGAAACAGCTATGAC-39) and T7 (59-TA
CGACTCACTATAGGG-39) sites of the pCR2.1 vector.

Analysis of cloned RT-PCR products. Sequences (401 bp) were aligned and
cluster analysis was performed by using the DNASTAR software program
MegAlign. For pairwise comparison of sequences, percent dissimilarities were
used directly, without any corrections based on models of nucleotide substitu-
tion.

Nucleotide sequence accession numbers. The sequences of the nahAc-type
mRNA clones have been deposited in GenBank under accession no. AF099747
to AF099774.

RESULTS

Primer design, development of a touchdown PCR method,
and amplification of nahAc homologs from naphthalene-de-
grading cultures. Three forward and three reverse primers
were chosen in regions conserved among the dioxygenases
from naphthalene-degrading organisms but not conserved
among the dioxygenases from organisms metabolizing other
aromatic substrates. Four of the five naphthalene dioxygenase
sequences were highly conserved, but degeneracy in the prim-
ers was needed to accommodate the phdAc sequence from
C. testosteroni GZ39. We designed a temperature-cycling
regime that allowed amplification of specific nahAc-like se-
quences from P. putida G7 DNA with each of the nine possible
primer combinations (Fig. 2). The sizes of the amplified prod-
ucts corresponded to the sizes predicted from the published
nahAb and nahAc sequences (60), and no nonspecific amplifi-
cation was observed. When C. testosteroni GZ39 DNA was
used, five of the nine primer combinations amplified well, with
the other four primer pairs exhibiting no or weak amplification
(data not shown). Amplifications with primer Ac893R and
primer pair Ab248F and Ac1095R were unsuccessful (data not
shown). Results for C. testosteroni GZ42 were similar to those
for C. testosteroni GZ39: four of the nine primer combinations
amplified well, and the other five primer pairs exhibited weak
or no amplification (data not shown). The amplifications that
included primer Ac893R or primer Ab248F were unsuccessful.
PCR products of the successful primer pairs corresponded in
size to the PCR amplicons produced from P. putida G7.
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RNA isolation. Initial attempts at extracting RNA from cells
present in site groundwater focused on the bead-beating meth-
ods of Pichard and Paul (52), which were modifications of the
method of Chomzynski and Sacchi (8). These extracts failed to
yield detectable rRNA bands on ethidium bromide-stained
agarose gels. We therefore attempted to use the method of
Jeffrey et al. (26), which involves filters having a diameter
of 142 mm rather than 47 mm and thus allows the sampling of
larger water volumes. The larger filters also required the use of
alternative lysis procedures, because they do not fit into the
bead-beating tubes. After a boiling-SDS lysis step, the method
of Jeffrey et al. (26) was essentially identical to that of Pichard
and Paul (52); both used guanidinium isothiocyanate solutions
to denature proteins and thus protect the RNA from nucle-
ases. However, our initial attempts to use this method pro-
duced smears on ethidium bromide-stained agarose gels, indi-
cating that RNA was extracted from the larger filters but that
nuclease activity was also present. Furthermore, the guani-
dinium-containing solutions would not reliably separate into
an aqueous phase and an organic phase after being mixed with
an equal volume of phenol. We therefore shifted to a series of
acidic phenol-chloroform extractions, similar to those used
with pure cultures by Siering and Ghiorse (59). This resulted in
extracts containing undegraded rRNA bands.

RT-PCR amplification of nahAc sequences from RNA ex-
tracts of P. putida G7. The RT-PCR procedure was first tested
with RNA derived from naphthalene-grown cells of P. putida
G7. Each of the three reverse primers was used in a separate
cDNA synthesis reaction, and this cDNA was then amplified
with each of the forward primers in conjunction with the re-
verse primer used for reverse transcription. Amplified prod-
ucts of the predicted sizes were produced with each of the nine
possible primer sets (data not shown). Negative controls, treat-
ed identically to the test reactions except that reverse tran-
scriptase was left out of the cDNA reaction, did not produce
detectable products. Reagent-only negative controls also failed
to produce amplified products. Less stringent RT-PCR meth-
ods, which omitted the coprecipitation of RNA and primer or
substituted a 2-min incubation for the 3-h annealing step, were
also found to be successful at achieving RT-PCR amplification
of nahAc mRNA transcripts from P. putida G7.

RT-PCR amplification from RNA extracts of microorgan-
isms in contaminated well water. The procedures that success-
fully detected nahAc transcripts in naphthalene-grown P. pu-
tida G7 cells were applied to microorganisms collected from
well water in the contaminated study site. RNA was extracted
from cells contained in well water, and cDNA was reverse tran-
scribed from the extracted RNA with primer Ac596R. The
cDNA was then used as the template in the touchdown PCR
assay. Successful amplification was observed when reverse
primer Ac596R was included with each of the three forward
primers, (Fig. 3, lanes 4 to 6). These products corresponded in
size to those produced from P. putida G7 (lanes 7 to 9). Neg-
ative controls, identical in all respects except for the omission
of reverse transcriptase during the synthesis of cDNA, did not
produce amplification products (1 to 3), indicating that the
RNA extracts were not contaminated with DNA. Similar ex-
periments in which the site RNA extracts were reverse tran-
scribed with primer Ac1095R were performed, but no ampli-
fication was observed. Digesting the cDNA preparations with
DNase-free RNase, in an attempt to alleviate interference with
amplification that may have been due to RNA-DNA hybrid
formation, did not allow successful amplification with this
primer. We did not attempt amplification with primer Ac893R,
because this primer was not successful at amplifying from
DNA isolated from C. testosteroni GZ39 or GZ42. RT-PCR
amplification from site-derived RNA was unsuccessful, even
with primer Ac596R, when an abbreviated cDNA synthesis
method was used that did not have a primer-RNA coprecipi-
tation step and omitted the 3-h annealing step at an elevated
temperature.

Hybridization. Using primers Ac114F and Ac596R, we pro-
duced digoxygenin-labeled PCR products from the site-re-
trieved RNA. The diversity of these products was assessed by
hybridization with a range of diverse dioxygenase sequences
obtained from several bacteria: P. putida G7 (60), P. putida
Cg1 (23), putative Pseudomonas sp. strain Cg7 (23), and C. tes-
tosteroni GZ39 and GZ42 (15). These strains represent the
total diversity of naphthalene dioxygenase gene sequences de-
scribed to date. Primers Ac114F and Ac596R were used to

FIG. 2. Amplification of nahAc from P. putida G7 with each of the nine pos-
sible combinations of three forward and three reverse primers. A single touch-
down PCR temperature-cycling program was used. Lanes: 1 to 3, amplicons with
primer Ac596R and primers Ab248F, Ac114F, and Ac307F, respectively; 4 to 6,
amplicons with primer Ac893R and primers Ab248F, Ac114F, and Ac307F, re-
spectively; 7 to 9, amplicons with primer Ac1095R and primers Ab248F, Ac114F,
and Ac307F, respectively; M, HindIII-digested lambda DNA markers.

FIG. 3. RT-PCR amplification of nahAc mRNA transcripts isolated from
cells in groundwater at the coal tar-contaminated site, using PCR reverse
primer Ac596R with three forward primers. Reverse transcriptase was omitted
from the cDNA synthesis reactions in lanes 1 to 3, demonstrating that products
in lanes 4 to 6 (primers Ab248F, Ac114F, and Ac307F, respectively) were not
derived from DNA sequences contaminating the RNA preparation. Groundwa-
ter-derived amplicons (lanes 4 to 6) were identical in size to those from RNA of
naphthalene-grown P. putida G7 cells (lanes 7 to 9; primers Ab248F, Ac114F,
and Ac307F, respectively).
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produce amplified products from each of these isolates for use
in the hybridization assay. Other target DNAs included the
corresponding unlabeled PCR product derived from site RNA,
an equivalent volume of the control PCR product which lacked
reverse transcriptase during cDNA synthesis, HindIII-digested
bacteriophage lambda DNA, salmon sperm DNA, and a buffer
control. Results were identical for each of the stringencies
examined, and only results for the 5% mismatch conditions are
presented in Fig. 4. The probe hybridized, under high-strin-
gency conditions, with the corresponding PCR product of each
of the strains tested (Fig. 4, positions 6 to 10), which together
represent the total described diversity of pure cultures known
to catabolize naphthalene. The probe also hybridized with the
unlabeled PCR product derived from site RNA but not the
corresponding preparation in which reverse transcriptase was
omitted (positions 1 and 2, respectively). No hybridization was
observed between the probe and the lambda DNA or salmon
sperm DNA or the well to which only buffer was added (posi-
tions 3 to 5, respectively).

Cloning and sequencing of amplified site transcripts. It was
hypothesized that clones from the diluted cDNA pool would
be of low diversity, representing genes from dominant, actively
growing groundwater microorganisms. Conversely, this reason-
ing would predict that clones from the undiluted cDNA pool
might include transcripts from less active, less abundant, and
perhaps more diverse microorganisms. Five replicate PCR am-
plifications were performed with 2 ml of undiluted cDNA.
Additionally, nine independent replicates of a 1:100 dilution
(1:200 was the extinction dilution) were amplified in separate
reaction tubes. PCR products from each of these 14 indepen-
dent reactions were individually ligated into plasmid vectors
and individually transformed, screened, and sequenced. Nucle-
otide sequences of one to six clones from each of the indepen-
dent dilutions were determined. The retrieved sequences were
aligned, and their relationships to each other and to previously
characterized sequences are presented in Fig. 5 as a cluster
analysis based on simple percent dissimilarity. Twenty-eight
sequences derived from site mRNA were included in this anal-
ysis, as well as the corresponding 401-nucleotide region of
nahAc from P. putida G7 (60), doxB from Pseudomonas sp.
strain C18 (9), ndoB from P. putida NCIB-9816 (60), phdAc
from C. testosteroni GZ39 (77), dntAc from Burkholderia sp.
strain DNT (62), ntdAc from Pseudomonas sp. strain JS42 (46),
nagAc from Pseudomonas sp. strain U2 (13), pahAc from P. pu-
tida OUS82 (65), and P. putida Cg1 (23), whose sequence in
the corresponding region was determined as part of this study.
The sequences of dntAc and ntdAc were not from naphthalene-

utilizing bacteria but are reported to be greater than 98%
identical at the nucleotide level to the sequence of the gene
encoding the large subunit of the dioxygenase cloned from
C. testosteroni GZ42 (15). Each of the sequences derived from
groundwater mRNA are assigned a three-part name explained
in the legend to Fig. 5. For example, clone U4f was found as an
insert in the sixth [f] colony picked from the fourth [4] PCR
performed on undiluted [U] cDNA.

The sequences retrieved from groundwater clustered tightly
into three groups shown in the top, middle, and bottom por-
tions of Fig. 5. The top group, obtained from both diluted and
undiluted cDNA, was closely related to the sequence from
Burkholderia sp. strain DNT (94.8% similar at the nucleotide
level and 94% similar at the amino acid level). The middle
group, obtained exclusively from undiluted cDNA, was more
distant from pure-culture-derived alleles than was any other
group of groundwater transcripts (when compared to Burk-
holderia sp. strain DNT, the central group was 90.3% similar at
the nucleotide level and 92.5% similar at the amino acid level).
This divergence from previously known sequences may have
been because the central group of sequences were cloned from
undiluted cDNA, where minor members of the groundwater
microbial community may have been better represented. The
bottom group of mRNA sequences in Fig. 5 was derived from
both diluted and undiluted cDNA and was closely related to
the sequences from P. putida NCIB 9816-4 (98% similar at the
nucleotide level and 100% identical at the amino acid level).

Despite the fine structure discussed above (three groups),
the dendrogram in Fig. 5 reveals that the groundwater naph-
thalene dioxygenase-type sequences fell into two major branches:

FIG. 4. Hybridization of a digoxigenin-labeled probe mixture from ground-
water with the corresponding PCR products from diverse naphthalene-degrading
organisms. The probe was produced by RT-PCR of groundwater mRNA. Con-
ditions allowed ;5% base pair mismatch. Target DNA was blotted in positions
as follows: 1, unlabeled RT-PCR product from groundwater RNA; 2, negative
control RT-PCR product prepared as in position 1, which lacked reverse tran-
scriptase during cDNA synthesis; 3, salmon sperm DNA; 4, HindIII-digested
bacteriophage lambda DNA; 5, no DNA; 6, P. putida G7; 7, P. putida Cg1; 8,
putative Pseudomonas sp. strain Cg7; 9, C. testosteroni GZ39; 10, C. testosteroni
GZ42.

FIG. 5. Cluster analysis examining the percent dissimilarity of 28 nahAc-like
mRNA sequences derived from well water and the corresponding 401-bp se-
quence from nine bacteria (see the text). The notation for each sequence spec-
ifies if the cDNA was diluted (D) or undiluted (U) before PCR amplification and
cloning; which PCR (1 to 5 for U and 1 to 9 for D) produced the clone; and the
order in which an insert was sequenced from each reaction (e.g., “a” was the first
and “e” was the fifth).
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one with Burkholderia sp. strain DNT and another with P. pu-
tida NCIB 9816-4. The two major branches differed in approx-
imately 21% of the nucleotide positions, while the amino acid
sequences differed by approximately 10%. In 11 of these 13
amino acid substitutions, the changes between the two branches
were neutral. The two exceptions involve substitution of ion-
izable amino acids in the ntdAc-like sequences for nonioniz-
able polar amino acids at positions 90 (Asn3His) and 129
(Asn3Lys) of the P. putida G7 nahAc-encoded protein.

DISCUSSION

In situ naphthalene biodegradation has been established
previously in our study site by criteria that include (i) metabolic
adaptation linked to protozoan predation (35), (ii) contraction
of the contaminant plume coupled to oxygen depletion profiles
(41), (iii) adaptation of microbial communities resulting in an
enrichment of PCR-amplifiable nahAc sequences (22), and (iv)
detection of the unique transient intermediary metabolite, 1,2-
dihydroxynaphthalene-cis-dihydrodiol (71). In the present study,
we developed a RT-PCR protocol for documenting biodegra-
dation gene transcription (mRNA) in naphthalene-grown
P. putida G7 cells and then produced specifically amplified
products from groundwater whose sizes and sequences were
homologous to those of nahAc-type mRNAs. This result indi-
cates that naphthalene dioxygenase genes were being actively
transcribed in site groundwater at the time of sampling and
that we were able to successfully extract these transcripts and
amplify them by PCR. Because this analysis focused on short-
lived molecules specifically associated with naphthalene bio-
degradation and because the samples were obtained in a man-
ner that minimized sampling-imposed artifacts, the results
constitute compelling molecular biological evidence for ongo-
ing intrinsic biodegradation activity at the study site.

To our knowledge, the diversity of field-expressed biodeg-
radation genes has not been analyzed before. Thus, the results
shown in Fig. 3 provided an opportunity to explore molecular
relationships between model bacteria studied in pure culture
and processes actually carried out by field microbial commu-
nities. With this objective, we characterized the mRNA tran-
scripts which had been retrieved from contaminated well wa-
ter. The RT-PCR products hybridized, under high-stringency
conditions, to the corresponding PCR products derived from
the total described diversity of pure cultures known to catab-
olize naphthalene. This result indicates that a variety of dioxy-
genase sequences were being simultaneously transcribed when
the water was sampled. These results, obtained by a non-
culture-based method, differ from results obtained in a recent
culture-based study of naphthalene dioxygenase sequences
from organisms at this site (23). In that study, a 373-bp portion
of nahAc in eight naphthalene-degrading isolates obtained
from a contaminated seep area was analyzed, and the se-
quences were found to be nearly identical (23). Because the
shared nahAc sequences were derived from a group of isolates
whose 16S rRNA sequences varied significantly, the lack of
divergence among the nahAc genes was interpreted as evi-
dence of in situ horizontal transfer of the nah genes (23, 61).
The limited range of dioxygenases found in the previous study
of site microorganisms (23) may reflect biases implicit in cul-
ture-based investigation or differences between the microbial
communities present in surface sediment (23) and groundwa-
ter (this study).

The sequences of mRNA retrieved from the groundwater
clustered into two major phylogenetic branches, one which was
closely related to the ndoB sequence from P. putida NCIB 9816
and one which was related to the dntAc sequence from Burk-

holderia sp. strain DNT (Fig. 5). When more than one clone
from a single RT-PCR was sequenced, the individual clones
were often not identical, and separate clones clustered with
separate branches (Fig. 5). This indicates that mRNA se-
quence in both of the phylogenetic branches were abundant in
RNA extracts from the site; therefore, both types of genes
were probably being translated into proteins being utilized by
numerically prevalent organisms. These different proteins may
have a variety of substrate ranges and specific activities and
may thus influence the fate of chemical contaminants at the
site in previously undescribed ways. A detailed examination of
the dendrogram in Fig. 5 revealed a central cluster of se-
quences that departed further from pure-culture-derived se-
quences than did the other clones. Because undiluted cDNA
was the source of the disparate sequences, it is likely that they
were less predominant in the environmental mRNA pool than
were the other two major alleles but amplified at a higher
efficiency under our PCR conditions. None of our recovered
sequences clustered with the phylogenetically divergent phdAc
of C. testosteroni GZ39 (Fig. 5), suggesting that phdAc-like
transcripts were present in relatively low concentrations or
amplified inefficiently.

Failure to recover detectable RNA by the bead-beating meth-
od of Pichard and Paul (52) may have been a consequence of
the low total-cell numbers that we were able to collect on the
47-mm-diameter membrane filters required by the use of 2.2-
ml bead-beating tubes in this method. Acridine orange direct
cell counts (59) indicated that 2 3 104 to 5 3 104 cells/ml were
present in the groundwater sampled from the monitoring well.
Unsuccessful bead-beating extractions, carried out with 0.5-
liter sample volumes collected on 47-mm-diameter filters, had
been attempted from about 107 cells. The method of Jeffrey et
al. (26) uses filters with a diameter of 142 mm and thus allows
the sampling of larger water volumes. The water that Jeffrey et
al. used in their studies had cell concentrations of 0.5 3 106 to
2 3 106 cells/ml, and they were able to filter 8 liters of water,
for a total of 0.4 3 1010 to 1.6 3 1010 cells/filter (26). We found
that at the contaminated site in this study, flow through the
142-mm filters became restricted after 5 liters; therefore, only 1 to
2% of the number of cells used by Jeffrey et al. were obtained. As
outlined in Results, we tested several modifications of the extrac-
tion procedure before we were able to effectively isolate RNA
from the cells contained in groundwater at this site.

RT-PCR amplification of nahAc homologs was not observed
in experiments in which primer Ac1095R was used to produce
cDNA, even though the sequencing results suggested that
some of the retrieved sequences were closely related to se-
quences known to be complementary to Ac1095R. It is unlikely
that primer Ac1095R was not complementary to the retrieved
transcripts, implying that the lack of amplification was related
to the length of the products. Amplification from site-derived
cDNA was also not observed, even with primer Ac596R, when
a shortened RT-PCR method that was effective with P. putida
G7 RNA was used. This difference may reflect an increase in
the nonspecific binding of the primer by RNA extracts that are
more heterogeneous and contain a lower target concentration.
These variable results reaffirm the utility of using multiple
primer sets and methods in analyzing nucleic acids extracted
from environmental samples.

nah gene transcription has been the focus of several previous
studies. In situ RT-PCR has been used to visualize nah tran-
script in laboratory cultures of naphthalene-degrading bacteria
(24). Using a polycyclic aromatic hydrocarbon-contaminated
soil from a manufactured gas plant site, researchers analyzed
RNA extracts from uninoculated samples, samples inoculated
with pure cultures of bacteria capable of growth on naphtha-
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lene, and samples which had been amended with salicylate (an
inducer of the nah operon) and incubated for 3 days (67). No
nahAb transcripts were detected in the RNA extracted from
the uninoculated and unamended soil or the salicylate-induced
soil, but hybridization was observed with RNA extracted from
inoculated soils. Additional studies examining nah transcripts
have been performed at the University of Tennessee (11, 56,
57). These researchers, using an RNase protection assay, were
able to detect nahA transcripts in RNA extracts from uninocu-
lated soils. Additionally, they made efforts to quantitate the
extracted transcripts and successfully correlated the concentra-
tions of the transcripts with naphthalene mineralization rates
and with naphthalene concentrations. The samples that were
examined (11, 56, 57) had been removed from their sites up to
several years before being analyzed, were sieved, were stored
at 4°C, and then were incubated as water slurries for 18 h at
27°C before being subjected to mRNA isolation. Therefore,
the data produced could not be interpreted as reflecting the
activity of in situ field populations.

The major limitations of mRNA-based analyses concern a
lack of knowledge of the sequence variability among environ-
mentally significant organisms, difficulties in relating transcript
presence to a specific activity, and the inherently nonquantita-
tive nature of the methods used. While the transient nature of
mRNA makes transcripts more useful as real-time indicators
of biodegradation activity, it also adds an uncertainty to quan-
titative RNA extraction analysis. Typical controls for mRNA
extraction and purification analyses are in vitro-transcribed
partial transcripts or transcripts contained in actively growing
pure cultures. Both of these controls are probably unrepresen-
tative of intracellular transcripts in the native microbial popu-
lations residing in situ. Alternate quantitation strategies, which
attempt to normalize RNA concentrations to their correspond-
ing DNA concentrations (52), must consider possible discrep-
ancies between both DNA and RNA extraction efficiencies and
laboratory- and field-grown microorganisms. Additionally, there
are difficulties in interpreting measurements of transcriptional
activity even when physiological and geochemical data sup-
porting in situ microbial activity are available (35, 41, 71). One
cannot easily extrapolate from expression of the first gene in an
operon to an entire operon or to enzymatic activity. Difficulties
arise because oxygenase enzymes often feature low substrate
specificity and because microorganisms may have low levels of
constitutive transcriptional activity. Constitutive levels of tran-
scription are likely to vary among different naphthalene-de-
grading organisms (18), as is the specific activity of different en-
zymes encoded by different transcripts. Like other approaches,
transcriptional analyses must be combined with independent
methods aimed at understanding microorganisms in field set-
tings (31, 32, 36, 42).

mRNA approaches also have their unique strengths. By min-
imizing sampling-induced changes in the microbial community,
artifacts which might be created by laboratory incubations or
time course assays can be avoided. Methods of nucleic acid
extraction allow sampling from almost all of the cells present
(17, 40). Because mRNA is very short lived, its detection en-
sures that the gene and the microorganism to which it belongs
were active when sampled. Finally, these methods are charac-
terized by high sensitivity and specificity.
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