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FIG. 1. PCR amplification of nahAc from 10 mg of pristine sediment inoculated with decreasing titers of P. putida G7 and added directly
to the PCR reaction cocktail. (A) Ethidium bromide-stained agarose gel with amplified products loaded into two sets of wells in tandem. (B)
Southern blot of gel shown in panel A hybridized with 32P-labeled internal primer nahAc2, overexposed to increase sensitivity. Lanes: 1, 4,
7, 10, 13, and 16, no sediment; lanes 2, 3, 5, 6, 8, 9, 11, 12, 14, 15, and 17, sediment present; lanes 1 through 3, 1.6 x 105 CFU; lanes 4 through
6, 1.6 x 104 CFU; lanes 7 through 9, 1.6 x 103 CFU; lanes 10 through 12, 1.6 x 102 CFU; lanes 13 through 15, 1.6 x 101 CFU; lanes 16 and
17, no cells (negative controls); lanes M, lambda HindIII-EcoRI size marker. The lower broad band in some lanes is the so-called primer dimer
artifact. The large arrows indicate the location of the 0.7-kb amplification product.

presence of 1.1 x 107 total bacteria per g and 2.0 x 105
culturable bacteria per g (25) and substantial p-hydroxyben-
zoate mineralization activity in this sediment (indicating the
presence of active microbial populations) (Table 1), several
attempts at direct PCR amplification of indigenous 16S
rDNA genes in the sediment were unsuccessful. Parameters
of the PCR protocol, such as thermal cycling times and
temperatures, magnesium, Taq polymerase, and primer con-
centrations, lysis method, and amount of sediment, were
modified without success. These negative results were not
surprising in light of reports by other workers that materials
native to the sediments, such as humic substances and
mineral constituents, could be inhibitory to both restriction
digestion (39) and Taq polymerase amplification (41) of
extracted DNA.
PCR amplification was attempted after various numbers of

washed whole P. putida G7 cells were mixed into the pristine
sample. A 10-mg subsample of the seeded mixture was
added directly to the PCR cocktail, and the naphthalene
dioxygenase nahAc sequence was amplified directly, with-
out cell or DNA removal or purification (Fig. 1). The nahAc
product became visible when 1.6 x 105 CFU was inoculated
(Fig. 1A, lanes 2 and 3). Southern analysis of the PCR
products with the nahAc2 internal oligonucleotide probe
increased the sensitivity to 103 to 104 CFU (Fig. 1B, lanes 5,
6, and 8). The PCR product was not observed in one
replicate containing 1.6 x 103 CFU (Fig. 1B, lane 9),
showing that variability existed in the samples at this level of
sensitivity. On a per-gram basis, this degree of sensitivity is
comparable to gene probing of inoculated, extracted, and
unamplified total soil DNA (32). Our PCR sensitivity did not
approach the 1-cell. g-1 limit reported by Steffan and Atlas
(38). However, these authors used large (uninoculated) soil
samples and laborious DNA extraction and gradient centrif-
ugation techniques prior to PCR amplification.
We conclude from these results that the indigenous cells

were in a different physical, chemical, or physiological state

than cells added to the sediment in our experiment. Thus,
the extraction of DNA from indigenous cells is a probable
limiting factor for the PCR. This conclusion can be drawn
only by assuming that the PCR amplification characteristics
of the 16S primers were at least as sensitive as those of the
nahAc primers. This is probably a conservative assumption
because of the multiple copy number of 16S rRNA genes in
bacteria (27). It is also evident in Fig. 1 that the sediment
itself was inhibitory to the PCR. A strong hybridization
signal was visible for the nahAc amplified without sediment
from 1.6 x 101 CFU (Fig. 1B, lane 13), whereas the
sensitivity of amplification with sediment was 2 to 3 orders of
magnitude less (Fig. 1B, lane 8). The inhibition of the PCR
may also have been caused by adsorption of released DNA
to organic matter or clay in the sediment. Presumably, a
compound which mimics the binding properties ofDNA with
sediment could be added to the sediment before the lysis
step to ameliorate this problem. The addition of salmon
sperm DNA, however, did not increase sensitivity (data not
shown).

Extraction and purification of DNA. On the basis of the
above results, it was apparent that DNA in the native
bacteria was rendered less available for amplification than
DNA from the added cells. Thus, methods for improving
DNA extraction and purification were investigated. Crude
DNA was extracted by a modification of the lysozyme-SDS-
freeze-thaw protocol published by Tsai and Olson (40) (see
Materials and Methods).
A significant problem with soil- and sediment-extracted

DNA, particularly if it is to be subjected to enzymatic
treatments such as PCR or restriction digestion, has been its
association with inhibiting impurities, such as humic com-
pounds (39, 41). Recent success in purifying DNA from
Frankia-inoculated soil by agarose gel electrophoresis (14)
raised the possibility that gel electrophoresis could render
the DNA from indigenous sediment bacteria suitable for
PCR amplification. Electrophoresis presumably strips off
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FIG. 2. Agarose gel electrophoresis of 16S rDNA amplification
products obtained from polycyclic aromatic hydrocarbon-contami-
nated surface and subsurface sediments. PCR was carried out on

DNA which had been extracted from aseptically collected field
samples and partially purified by gel electrophoresis as described in
Materials and Methods. Lanes 1, P. putida G7 cells inoculated from
plate (positive control); lane 2, P. putida G7 DNA extracted and
purified from whole cells by procedures used on sediments (positive
control); lane 3, source sample; lane 4, seep sample; lane 5,
downgradient sample; lane 6, upgradient sample; lane 7, purification
gel only (negative control). See Table 1 for characteristics of
samples.

humic compounds which may be bound tightly to nucleic
acids and not easily removed, even by gradient centrifuga-
tion and column purification techniques. Young (49) has
recently shown that the addition of polyvinylpyrrolidone to
the agarose gel, which is thought to bind humic compounds,
aids in the separation of DNA from humic components
during electrophoresis.
The Hilger-Myrold (14) protocol for electrophoretic sepa-

ration of DNA from humic contaminants originally called for
electroelution of DNA from the gel and subsequent phenol-
chloroform extraction of the eluted DNA. However, given
the fact that the PCR was robust enough to occur even in the
presence of unpurified sediment (Fig. 1), it seemed likely
that separation of the electrophoresed DNA from molecular
grade agarose before the PCR was implemented would be
unnecessary. Therefore, the crude DNA lysate was electro-
phoretically purified in a low-melting-point agarose gel
amended with polyvinylpyrrolidone. During electrophoresis
of the extracted, unpurified DNA, brownish organic contam-
inants visibly separated from the genomic DNA band (data
not shown). This band was then excised, and a portion of the
agarose-DNA mixture was added directly to the PCR tube
without further extraction from the gel.
PCR of indigenous 16S rDNA. PCR amplification of unin-

oculated 16S rDNA was successful when the DNA was

extracted and purified by the methods described above.
Figure 2 shows the gel electrophoresis of 16S rDNA se-

quences amplified from source, upgradient, downgradient,
and seep samples. These four samples all contained micro-
bial populations capable of mineralizing bothp-hydroxyben-
zoate and naphthalene (Table 1). These samples were di-
verse in their physical characteristics; two were sandy
subsurface sediments, one was a saturated zone sample
heavily contaminated with polycyclic aromatic hydrocar-
bons, and one contained a high content of organic matter as

well as polycyclic aromatic hydrocarbon contaminants (Ta-
ble 1). Significant 16S rDNA amplification was obtained
from the seep sample (lane 4), the source sample (lane 3),
and the downgradient sample (lane 5). Only very weak
amplification was observed from the upgradient borehole

sample (Fig. 2, lane 6). Without DNA separation by electro-
phoresis, no 16S rDNA amplification was detected (data not
shown). In a recent study by Liesack and Stackebrandt (21),
gel electrophoresis of extracted DNA was also found to be
necessary to permit amplification of 16S rDNA. Further
experiments in our laboratory showed that PCR amplifica-
tion of 16S rDNA was also possible after partial purification
with a Prep-a-Gene DNA purification kit (Bio-Rad). How-
ever, the electrophoretic separation procedure described
above was simpler and more reproducible than the Prep-a-
Gene procedure.
PCR of extracted nahAc DNA. The above procedures for

extracting, partially purifying, and amplifying 16S rDNA
were used in initial attempts to amplify the nahAc sequence
from DNA in source, upgradient, downgradient, and seep
samples, all of which exhibited naphthalene mineralization
activity (Table 1). When the thermal cycle program de-
scribed above for direct sediment amplification of nahAc
from inoculated P. putida G7 cells was used, amplification
resulted in a smear of nonspecific products in each noncon-
trol lane of an ethidium bromide-stained agarose gel. We,
therefore, employed the same program used successfully
with the 16S rDNA primers. With this modification, reliable
and specific amplification of nahAc from the source and seep
samples was achieved (Fig. 3A, lanes 4 and 6). The identity
of these nahA4c sequences was confirmed by Southern hy-
bridization under high-stringency conditions by using the
labeled nahAc gene from P. putida G7 (Fig. 3B, lanes 4 and
6). Faint bands of amplified DNA from the remaining two
subsurface samples running at approximately the same mo-
lecular weight as nahAc were detectable on the ethidium
bromide-stained gel (Fig. 3A, lanes 5 and 7), and a longer
exposure (3 versus 1.5 min) of the Southern blot shown in
Fig. 3B revealed weak hybridization of nahAc to these bands
(data not shown). However, additional attempts to amplify
the nahAc genes in these samples did not give consistent
results. Despite the presence of naphthalene mineralization
activity in these samples, it is possible that the bacteria
responsible for naphthalene catabolism have dioxygenase
genes which are divergent from the P. putida G7 gene
sequence, thus preventing amplification with the PCR prim-
ers used. Alternatively, the genes responsible for naphtha-
lene mineralization in these bacteria may be entirely unre-
lated to nahAc because of (i) convergence of an unrelated
sequence on the naphthalene dioxygenase function or (ii) the
employment of an alternative pathway for naphthalene ca-
tabolism. In order to address some of these questions, we
have begun to isolate naphthalene-mineralizing bacteria
from this site and to screen them for the presence of
amplifiable and unamplifiable nah genes and alternate path-
ways for naphthalene mineralization.

Restriction analysis of amplified nahAc sequences. Restric-
tion and sequence analyses of individual genes can be useful
in reconstructing relationships among those genes and the
bacteria possessing them (12, 28, 47). However, sensitivity
limitations may hamper the analysis of specific, low-abun-
dance sequences in a heterologous mixture of extracted
DNA. PCR can assist in overcoming such difficulties.

In an initial analysis of the amplified nahAc genes, the
sequences were digested with restriction endonucleases
known to cut P. putida G7 (NAH7) nahAc. To increase the
yield of amplified nahAc for restriction analysis, the PCR
product was electrophoresed in an agarose gel, excised, and
directly reamplified in the agarose. Restriction digestions of
the reamplified nahAc from the seep and source samples,
compared with the restriction patterns of P. putida G7, are
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FIG. 3. Amplification of the nahAc naphthalene catabolic gene from native community bacterial DNA extracted and partially purified by
gel electrophoresis from polycyclic aromatic hydrocarbon-contaminated surface and subsurface sediment. (A) Ethidium bromide-stained
agarose gel. (B) Southern blot of gel shown in panel A hybridized to digoxigenin-labeled nahAc probe corresponding to the 701-bp P. putida
G7 nahAc PCR product. Lanes M, lambda HindIII marker; lanes 1, P. putida G7 cells from plate (positive control); lanes 2, reagent only
(negative control); lanes 3, purification gel only (negative control); lanes 4, source sample; lanes 5, downgradient sample; lanes 6, seep sample;
lanes 7, upgradient sample.

shown in Fig. 4. HaeIII and Hinfl restriction patterns for the
source nahAc (Fig. 4, lanes 2 and 5) show the same size
fragments as for P. putida G7, with additional fragments also
visible. The presence of such fragments was presumably due
to added restriction sites (polymorphism) in one or more of
the sequences amplified. The restriction pattern of the seep
nahAc sequences (lanes 3 and 6) was even more divergent
from the pattern of P. putida G7, particularly at the Hinfl
sites, which were both missing. There is no sequence vari-
ation at these restriction sites in the two nahAc sequences
used to design the primers.

It should be recognized that the PCR products obtained in
this study probably represent a mixture of nahAc sequences
amplified from a number of different bacterial strains. PCR
itself can be a selective process, randomly and possibly
preferentially amplifying particular sequences or sequence
families (29). Also, Liesack et al. (22) reported the assembly
of a spurious hybrid sequence during PCR of a mixed culture

FIG. 4. Restriction endonuclease analysis of amplified, indige-
nous nahAc sequences compared with the nahAc sequence from the
NAH7 plasmid of P. putida G7. Approximately equal amounts of
DNA were loaded into all wells. Lane M, 123-bp size marker; lanes
1 and 4, P. putida G7 nahAc; lanes 2 and 5, source-derived nahAc;
lanes 3 and 6, seep-derived nahAc; lanes 1 through 3, HaeIII
digested; lanes 4 through 6, Hinfl digested.

of barophilic bacteria. Thus, one must be cautious in draw-
ing conclusions based upon analysis of mixed DNA se-
quences derived from PCR. However, the variation in the
restriction patterns of extracted, amplified nahAc from the
source and seep samples (Fig. 4) demonstrates that success-
ful amplification was not simply an artifact (for example, a
carryover of P. putida G7 nahAc PCR product). Also, the
restriction digest results further confirm that bacteria with
sequences similar to the NAH7 nahAc sequence are present
at the field site.

Despite our conclusions about DNA sequences shared by
P. putida G7 and bacterial community DNA at this study
site, there is evidently a good deal of sequence variation in
the amplified products. Deviation from P. putida G7 in the
nahAc restriction patterns suggests that, although there is
sufficient sequence similarity within the primer regions for
amplification and for hybridization with an nahAc gene
probe, there is notable sequence polymorphism within the
nahAc genes distributed among the bacteria at the field site.
This is particularly true for the seep sample. It is also
possible that there is sequence divergence in naphthalene
dioxygenase genes in populations at this field site which,
because of the stringency of the PCR, was undetectable by
these methods.

Successful PCR amplification of DNA from native micro-
bial populations in environmental samples requires a se-
quence of events, including cell lysis, removal of the DNA
from soil or sediment, denaturation of double-stranded
DNA, annealing of single strands with primers, extension of
primed DNA fragments with DNA polymerase, and many
repeated cycles of denaturation, annealing, and extension.
Clearly, impairment of any step in this complex chain will
diminish yields. Little is known about the efficiency or
sensitivity of each of the above steps as they apply to the
methods described here. Moreover, no conclusions can be
drawn about the abundance of amplifiable nahAc-containing
cells or strains relative to those naphthalene degraders not
possessing such sequences. However, this study has dem-
onstrated that native 16S rDNA and nahAc sequences can be
amplified from both surface and subsurface sediment sam-
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ples and that amplifiable but divergent nahAc homologs are
found in at least two regions of the field site. The subsequent
analysis of PCR-amplified DNA from uncultured bacteria-
whether by restriction digestion, DNA sequencing, or oth-
erwise-will provide insights into the study of bacterial
populations native to sediments and other terrestrial habi-
tats.
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