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A B S T R A C T  

We have utilized a most-probable-number polymerase chain reaction (MPN-PCR) 
procedure to estimate gene numbers and biodegradative potential at a jet fuel 
(JP-5) contaminated site undergoing the first phase of bioremediation. Nucleic 
acid analysis was used to determine whether a lack of genetic potential for biore- 
mediation was responsible for low levels of oxygen utilization at the site. Total 
community DNA was extracted and analyzed by PCR for genes (nahAc,alkB, and 
xylE) known to be involved in the degradation of certain JP-5 constituents. Results 
indicate that significant aromatic biodegradative potential exists at the site and 
outlying areas not subjected to engineered remediation, suggesting that physical 
and /or  chemical factors are inhibiting oxygen delivery, xylE and nahAc were often 
present in significant portions of the microbial community, whereas alkB was 
rarely detected. This study illustrates the utility of molecular techniques in evalu- 
ating biodegradative potential in the field during active bioremediation. 

Index Entries: PCR; bioremediation; jet fuel; JP-5; community DNA. 

I N T R O D U C T I O N  

Advances in nucleic acid extraction and detection techniques have recently 
allowed microbial ecologists to analyze more fully complex, mixed microbial com- 
munities in their natural environments  independent  of culturability (1-4). The abil- 
ity to examine total communi ty  DNA removes inherent biases associated with 
traditional culture-based methods  (5), and can circumvent postsampling changes in 
communi ty  structure associated with handling and storage of samples for meta- 
bolic activity assays (6-8). Recently, molecular techniques have been used to detect 
specific functional genes in soil and sediment communit ies (9-12). 

Recent laboratory experiments (13) suggest that the scope of environmental  
contaminants amenable to in situ remediation is much  greater than previously 
believed. However,  the immediate  application of remediation technologies (e.g., 
bioventing and air sparging) can be limited by an inability to predict degradative 
potential or effectively stimulate catabolic pathways in situ. Nucleic acid-based 
technologies are well suited for detecting specific catabolic DNA sequences in 
envi ronmenta l  samples  and can provide  a molecular  diagnosis  of the initial 

*Author to whom all correspondence and reprint  requests should be addressed.  

Applied Biochemistry and Biotechnology 9 7  1 Vol. 57/58, 1996 



972  C h a n d l e r  a n d  B r o c k m a n  

biodegradative potential of a site prior to bioremediation activities. In addition, 
nucleic acid techniques can monitor changes in microbial communi ty  structure in 
response to remediation activities, complementing classical measurement  methods  
and providing a relatively unbiased assessment of in situ performance. Neverthe- 
less, very few culture-independent,  molecular studies have examined to what  ex- 
tent microbial populations change during bioremediation of contaminated sites. 

Whereas gasoline and many other fuels are relatively easy to bioremediate (14) 
the jet fuel JP-5 is more recalcitrant, being composed  of C10-C15 alkanes and 
polyaromatic hydrocarbons (15). At the Fallon Naval Air Station (Fallon, NV), an in 
situ respiration test within the study site's JP-5 p lume showed low levels of oxygen 
utilization even though bioventing was being performed, whereas an in situ respi- 
ration test at a nearby location with little or no JP-5 contamination indicated very 
high levels of oxygen utilization (15). This finding led to efforts to determine if 
microbial biodegradative potential existed at the former site, but was not being 
stimulated. The objective of this s tudy was to apply communi ty  DNA extraction 
and polymerase chain reaction (PCR) methods to assess rapidly the levels of specific 
biodegradative genes at different locations within a field site contaminated with the 
jet fuel JP-5. Because no a priori information existed about populat ion densities of 
fuel-degrading bacteria at the site, a PCR-based approach was used instead of DNA 
hybridization analysis to increase the sensitivity for detecting target genes residing 
in a small percentage of the microbial community.  

METHODS 

Site Description and Sample Collection 

The study site was located on the Fallon Naval Air Station in Fallon, Nevada 
(Fig. 1). The first phase of bioremediation (bioslurping) is primarily a physical fuel- 
recovery process. Bioslurping combines low-flow rate bioventing (air injection) of 
the vadose zone with recovery of fuel from the capillary fringe and from the top of 
the water table using a vacuum system (16). Once fuel recovery ceases, bioventing 
is increased to bioremediate the remaining contamination. The bioslurping field 
was approx 55 x 73 m and contained 48-wells. Sediment samples were collected at 
three locations: the east road ditch (ED), west of the road (WR), and at the bioslurping 
site. A sample was taken from the bioslurping site after 18 mo of operation. The ED 
sampling location was selected based on previous groundwater  monitoring that indi- 
cated the region was contaminated with a mixture of fuels, including gasoline (15). 
The WR sampling location was selected as a region outside the influence of bioslurp- 
ing and contained lower levels of JP-5 than did the bioslurping site. In situ respira- 
tion tests (17) had been conducted previously at the bioslurping site and ED location. 

The ED and WR sites were sampled prior to any rernediation efforts and then 
resampled after vent wells were installed and vented continuously for 4-d at approx 
20 standard ftg/min. Postventing samples were taken 0.3-0.6 m from the vent  well 
and within I m of the prevent samples. All samples were taken from the capillary 
fringe, 1.5-2.1 m below the surface, with a hand-driven 5-cm diameter bucket auger. 
Each sample was homogenized on a clean surface, and approx 200 g were placed 
into a whir l-pak bag. Each bag was wrapped  and sealed with s t rapping tape. 
Samples were placed in a cooler with wet ice and shipped by overnight express to 
our lab in Richland, WA. On receipt, an aliquot was removed for microscopic acri- 
dine orange counts, and the remainder was frozen at -20~ 
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Fig. 1. Schematic representation of the Fallon site. Exact source and size of JP-5 plume is 
unknown. Picture is drawn approx to scale. [], Sample location; X, in situ respiration test; 
ED, east ditch sample; WR, west of the road sample. 

Total Petroleum Hydrocarbon (TPH) 
and Benzene-Toluene-Ethylbenzene-Xylenes (BTEX) Analysis 

Samples were analyzed for the presence of BTEX and TPH. The samples were 
not collected and handled in a manner conducive to definitive quantitative analysis 
of contaminant levels. However, in order to verify their presence and to infer relative 
levels of contamination, the samples were analyzed for BTEX and TPH by two dif- 
ferent laboratories (Battelle, Columbus,  OH and Battelle, Richland, WA). Five-gram 
aliquots of frozen samples were placed in polypropylene vials, sealed, and refrozen 
for 2-7 d before analysis. The BTEX and TPH levels in each sample were determined 
by extraction with methanol and a heated purge and trap technique, which detects 
volatile and semivolatile compounds (18). Following the methanol extraction and 
purge and trap processes, analysis was accomplished via gas chromatography (GC). 
TPH levels were reported as equivalent to hexane, based on the total peak area counts 
observed for each GC analysis, or by ranking the samples based on the GC peak area, 
which corresponded to alkanes. 

Acridine Orange Direct Counts (AODC) 
Ten grams of sediment were placed in 95 mL 0.1% pyrophosphate  (pH 7.0) and 

shaken for 30 min on a reciprocating shaker at 150 rpm. Dilutions were performed 
in saline such that I mL containing the equivalent of 0.01 g sediment  was added  to 
100 ~tL 0.1% acridine orange, and after 2 min, the solution was filtered through a 1.6- 
cm diameter, 0.2 ~tm pore size Nucleopore polycarbonate filter membrane.  One 
milliliter sterile water was added to the membrane and filtered to remove excess 
acridine orange. Green- and red-fluorescing cells were counted in 20 randomly 
selected fields with a Nikon epifluorescent microscope using a 100x objective and 
10x eyepiece. 

Total DNA Extraction from Sediments 

Total communi ty  DNA was isolated from 50 g sediment  using a combination 
of direct lysis (19) and ballistic disintegration (20). Briefly, freshly thawed sediments 
were transferred to sterile plastic bottles, to which 50 mL extraction buffer (0.2M 
sodium phosphate,  0.1M EDTA, pH 8.0) and 5.5 mL 20% sodium dodecyl sulfate 
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(SDS) were added. Samples were thoroughly mixed and frozen at-80~ Individual 
samples were thawed for 30 min at 65~ with occasional mixing, and then combined 
with 50 g 0.1-mm glass beads in a bead-beater cup (BioSpec Products,  Inc., 
Bartlesville, OK). Samples were blended for 30 s, transferred to sterile 250-mL centri- 
fuge bottles, and the sediment/beads removed by centrifugation at 8000g, 20~ for 
5 min. The resulting supernatant was transferred to a new tube, and the sediment 
re-extracted as described above with 35 mL fresh extraction buffer containing no 
SDS. Supernatants were combined, and the centrifugation/extraction was repeated 
once more (3x total) before the sediment was discarded. A reagent/bead "blank" 
was also extracted in identical fashion to test for possible crosscontamination dur- 
ing processing. 

Pooled supernatants (-130 mL total) were placed in large dialysis tubing 
(Spectrapor; 12,000 to 14,000 mol-wt cutoff; 28.6-mm diameter; Spectrum Medical 
Industries, Inc., Los Angeles, CA) and dialyzed extensively (5-6 buffer changes over 
24 h) against sterile TE (10 mM Tris, 1 mM EDTA, pH 7.8) to remove salts and 
residual hydrocarbons. To reduce dialysate volumes, bags were then packed in 
solid polyethylene glycol (PEG; 15,000-20,000 average mol-wt; Sigma, St. Louis, 
MO) overnight at 4~ Sediment extracts were then transferred to sterile 50-mL Oak 
Ridge tubes, and nucleic acids were precipitated overnight by addition of 0.2 vol- 
umes 10M ammonium acetate and I vol isopropanol. Nucleic acids were collected 
by centrifugation at 10,000g for 15 min at room temperature, and the resulting pellet 
washed once in 70% ethanol. Pellets were dried under vacuum, resuspended in 
sterile TE, and further purified by CTAB extraction as described by Xia et al. (21). 
Nucleic acids were resuspended in a final volume of 50 ~L TE. DNA averaged 4-8 
kbp in length, which is adequate for PCR amplification. Coextraction of humic 
compounds and other soil constituents prevented quantitation by conventional UV 
absorption or fluorometry, so DNA recovery was estimated by gel electrophoresis 
against known amounts of pure DNA standard (22). Extraction efficiency was esti- 
mated by comparing DNA yield to the theoretical DNA yield derived from acridine 
orange direct counts (AODC), using 8.3 fg DNA/cell  as the DNA content for an 
"average" soil bacterium (23). 

Primer Design 

PCR primers were designed for three genes known to be involved in hydrocar- 
bon degradation; alkane hydroxylase (alkB), catechol-2,3-dioxygenase (xylE), and 
naphthalene dioxygenase (nahAc = doxB = ndoB = pahAc). AIkB primers were based 
on the single available sequence from Pseudomonas oteovorans (24). The atkB forward 
primer (alkB.f) was 5'-CTG-GAT-TCC-GCT-CCA-GAG-TAC and the reverse primer 
(alkB.r) 5'-AAT-AAG-GAC-ACC-ACC-AGC-CCA. The cosmid pGEc-29 (25) served 
as a positive template control, producing a PCR product of approx 1085 bp. Primers 
for xylE were based on a manual alignment of Pseudomonas putida catechol-2,3- 
dioxygenase genes available on the ENTREZ data base, but could not be made 
sufficiently degenerate to amplify similar genes in other gram-negative or gram- 
positive organisms. Sequences for the xylE primers were (xylE.f) 5'-AGG-NGT- 
(A,T)AT-GCG-ICC-IGG-CCA-(C,T)GT for the forward pr imer  and (xylE.r) 
5'-TCG-TG(A,G)-TA(A,G)-AAG-AT(G,C)-GCC-TTG-CC for the reverse primer. 
Parentheses indicate mixed base positions. Plasmid pLV1012 (26) served as a posi- 
tive control, producing a PCR product of approx 900 bp. NahAc primer sequences 
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were (nahAcl) 5'-GTT-TGC-AGC-TAT-CAC-GGC-TGG-GGC (forward primer) 
and (nahAc3) 5'-TTC- GAC-AAT-GGC-GTA-GGT-CCA-GAC (reverse primer), and 
share 100% sequence identity with other polyaromatic hydrocarbon oxygenase 
genes (27-29). Plasmid pSAD15-47 (28) was the posi t ive control, y ie lding a PCR 
produc t  of approx 700 bp. All pr imers  were synthesized by Keystone Laborato- 
ries, Inc. (Menlo Park, CA). 

Most Probable Number PCR (MPN-PCR) 

An estimate of gene density in environmental  samples can be achieved using 
most  probable number  PCR (MPN-PCR) (30,31). Ten-fold serial dilutions of sedi- 
ment  extracts were prepared in TE (to 10 -5 dilution) and a single PCR reaction was 
per formed at each dilution. Primers (0.5 ~L each from 20 ~M working  solutions in 
0.1X TE pH 7.8) and 1 ~tL template DNA were held at 80~ in 40 ~L total vo lume  
under  a 50 ~L oil overlay ("hot start") before 60 ~L enzyme master mix were 
added.  Final reaction conditions were: 10 mM Tris-Cl, pH 8.3, 50 m M  KC1, 1.5 m M  
MgC12, 200 ~M each dNTP, 0.1 ~M each primer,  2.5 U LD-Taq DNA polymerase  
(Perkin-Elmer,  Foster City, CA), and  1.5 ~g T4 gene 32 pro te in  (Boehringer 
Mannheim,  Indianapolis, IN). Cycling conditions were 5 cycles at (1.5 min,  94~ 
30 s, 55~ 2 min, 72~ followed by 35 cycles at (1 min, 94~ 30 s, 65~ 2 min,  72~ 
with a 5 s extension/cycle) using a Perkin-Elmer 480 thermal cycler. A final 20 
min,  72~ extension was performed before samples were held at 4~ The same 
cycling conditions were used for all three primer pairs (alkB, xylE, nahAc). Five 
types of PCR reactions were conducted to estimate m i n i m u m  gene detection lim- 
its and sediment  inhibition of amplification. They were: 

1. 1 ~tL sediment  extracts at the five dilutions; 
2. Positive control plasmid templates (102copies for nahAc and alkB, 103 copies 

for xylE) run "clean" (no added sediment extract); 
3. Positive control plasmids spiked into 101 and 102 dilutions of the sediment  

extracts to test for inhibition of amplification (32) ; 
4. A no template reaction to test for contamination of PCR components;  and 
5. One microliter from the blank extract to test for possible cross-contamina- 

tion of samples dur ing  processing. Results from reactions 2-5 were used 
to define the PCR conditions. 

Ten-microliter aliquots of the reaction products were analyzed on 1% agarose 
gels, containing 30 n g / m L  ethidium bromide, in 1X TAE (40 mM Tris-acetate, 2 mM 
EDTA) running buffer. PCR products were detected visually by UV fluorescence at 
300 nm and photographed.  An estimate of gene densities in sediment  samples was 
derived from: 

1. The PCR results in the dilution series of the sediment extract; 
2. The detection level of PCR conditions; and 
3. The estimated extraction efficiency. 

For example, the presence of a positive PCR signal through the 104 dilution of 
the sediment extract, a detection level of 300 gene copies, and a 1% extraction effi- 
ciency would  result in 104 x 300 x (100%/1%) = 3 x 10 s estimated gene copies /gram 
of starting sediment. An estimate of the min imum gene density (per gram of starting 
sediment) required to observe a PCR signal from the initial sediment  was calculated 
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as PAODC-- (DDL-DIo)" PAODC is the population based on acridine orange direct counts, 
DDL is the dilution where the number of theoretical genomes (determined from 
actual DNA yield) in the PCR reaction becomes <the detection level of the PCR 
conditions, and D~o is the dilution where inhibition by the sediment extract is over- 
come. For example, if the AODC is 10 9, the PCR detection level is exceeded at the 104 
dilution, and humic inhibition is removed at 101 dilution, then the min imum gene 
density in the original sediment required to observe a PCR product would be 
approx 106/gram. 

RESULTS 

DNA extraction and PCR analyses for five samples, the blank extract, and 
controls required <3 d of hands-on time and <5 d of cumulative time. Thus, these 
methods allowed rapid analysis of samples. Control reactions with no added tem- 
plate never produced PCR products, indicating that PCR components never became 
contaminated with genomic DNA or amplification products. However, amplifica- 
tion of xylE and nahAc did occur in control reactions containing undiluted blank 
extract when PCR conditions were conducive to a 30-copy detection limit. In combi- 
nation, the no-template and blank extract results suggested crosscontamination 
during processing. PCR products could be generated from 30 copies of alkB and 
nahAc, but a 10-fold higher template concentration (300 copies) was required to 
produce a xylE PCR product; the higher concentration was likely the result of degen- 
eracy in the xylE primers. Positive controls, spiked into sediment extract, showed 
that the PCR was usually inhibited by the sediment extracts at the 101 dilutions, 
although the level of inhibition varied for each sediment and primer set (Table 1). 
To ensure that PCR products were authentic and not the result of crosscon- 
tamination, the number of amplification cycles was reduced to 40 for all three primer 
sets, such that approx 300 copies of alkB and nahAc, and approx 3000 copies of xylE 
were required to produce a PCR product detectable by agarose gel electrophoresis 
and ethidium bromide staining. Under  these conditions, xylE and nahAc could 
not be detected from the blank extract at the 101 dilution, the initial dilution tested 
for all sediment extracts. The detection level set by the PCR conditions, differences 
in extraction efficiency between samples, and differences in the PCR detection level 
for different primer sets affected the minimum number of gene copies required to 
detect a PCR product; this detection limit was specific for each sediment and primer 
set, ranging from __.103 to ~106 copies/gram sediment (Table 2). 

Amplification signals were obtained for the xylE and nahAc genes in all samples 
(Table 1). Estimates of gene densities suggest that a high percentage of the microbial 
population contained naphthalene and catechol biodegradative genes at the ED 
site before venting (Table 2), assuming one gene/organism. Levels of nahAc genes 
(10 5 to  109 copies/gram) were more variable among the different samples than for 
xylE (10 7 to 109 copies/gram). Estimated densities of nahAc and xylE genes were in 
the order: ED > bioslurping site = WR. After venting at the ED and WR locations, 
neither xylE nor nahAc appeared to increase above their preventing levels. The alkB 
amplicon was detected at the bioslurping site (106/gram) and at the WR location 
after venting (105/gram), but in no other samples. Occasionally, PCR products dif- 
ferent in size from the positive controls were observed (for example, Fig. 2). 
Whether or not these alternate products were derived from target (or closely related) 
genes was not determined. 
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Table 1 
Quali ta t ive MPN-PCR Detection of Catabolic Genes  a 

9 7 7  

Dilution of s ed imen t  extract  

Sample  Site Gene  101 102 103 104 105 

ED x y l E  H b + + + + / c 

1 n a h A c  H + + + + 

a lkB H . . . .  

ED x y l E  H H + + - 

16 after n a h A c  + + + + + 

vent ing  alkB H H - - - 

WR x y l E  H + + - - 

6 n a h A c  H + + / -  - - 

a lkB H . . . .  

WR x y l E  H + + - - 

12 after n a h A c  H + - - - 

vent ing alkB H + /  . . . .  

Bioslurping site x y l E  + + - - - 

9 n a h A c  + + + / -  - - 

a lkB + + /  . . . .  

~+/- Results were counted as positive when estimating gene densities. 
bH = Inhibition of the reaction, probably owing to humic compounds, as judged 

by extracts spiked with 300 copies of the positive control plasmid. 
c+/_ Indicates an observed PCR product that was less intense than the Signal 

generated from the positive control plasmid. 

Table 2 
Est imated Catabolic Gene D e n s i t i e s / G r a m  Sediment  ~ 

Est imated Gene Densi ty  b 

Sample  x y l E  n a h A c  a lkB 

AODC 

ED 2 x 109 2 x 109 N D  c 1 x 109 
(3 x 106) (3 x 10 s) (3 x 103) 

ED after vent ing  1 x 10 s 1 x 10 s N D  2 x 109 
(5 x 10 6) (5 x 103) (5 X 105) 

WR 2 x 107 2 X 10 6 N D  2 x 10 s 
(7 x 10 s) (7 x 104) (7 X 10 4) 

WR after vent ing  1 x 107 1 x 10 s 1 x 105 3 x 108 
(1 x 104) (1 x 103) (1 x 103) 

Bioslurping site 2 x 107 2 x 107 2 x 106 6 x 108 
(2 x105 ) (2 x104 ) ( 2 x 1 0 4  ) 

The minimum gene density required for detection in each sample is indicated in 
parentheses. 
bGene density (copies per gram) calculated as (detection limit) x (highest dilution 
with positive PCR signal), normalized to 100% extraction efficiency. See text for 
example calculation. 
c PCR product not detected. 
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Fig. 2. Biodegradative gene detection at the bioslurping site (sample 9) using the poly- 
merase chain reaction. Lane assignments are: 1 and 17, ~, x HindIII; 2-10 are xylE PCR 
products in the order no template, 101-10 s dilution of sediment extract, 10 ~ dilution of sedi- 
ment extract containing xylE positive control plasmid, 102 dilution of sediment extract con- 
taining xylE positive control plasmid, and xylE positive control plasmid alone; lanes 11-20 
are in the same order as 2-10, except they show nahAc PCR products; lanes 21-29 are also the 
same, except they show alkB PCR products; lanes 30-32 are blank. In this sample, there was 
no humic inhibition of the PCR at 101 or 102 dilution of sediment extract. Band intensities 
were reduced during photo reproduction. 

AODC values were high in all sediment samples, approx 108 to 109 microorgan- 
i sms /g ram (Table 2). Total bacterial counts were highest at the ED location, where  the 
in situ respiration test showed high levels of oxygen utilization. The bioslurping site, 
where  bioslurping and bioventing had been occurring for 18 mo, had higher AODC 
values than the WR location. The 4-d bioventing at the ED and WR locations appeared 
to increase slightly the total bacterial populations, but  values were not statistically 
significant. Estimates of DNA extraction efficiency (theoretical DNA yield from 
AODC compared to actual DNA yield) ranged from I to 10% (data not shown). 

TPH and BTEX were  present  in all samples (data not shown). Measured con- 
centrations were  probably much  lower than actual concentrations because of sample  
handl ing  and  storage procedures;  concentrat ions prior to bioslurping were  com- 
mon ly  thousands  of p p m  for TPH and tens of p p m  for naph tha lene  (15). Sample 
BTEX concentrat ions  were  in the order: ED before vent ing > ED after vent ing > WR 
before vent ing  > bioslurping site > WR after venting. TPH was greatest  in the ED 
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before venting sample and approx fourfold lower in the remaining samples. Vent- 
ing decreased BTEX levels at the ED and WR locations and TPH levels at the ED 
location, but removal by physical processes may have been a more important 
factor than microbial degradation. 

DISCUSSION 
Research Approach 

Molecular methods were used to determine the biodegradative potential of a 
microbial community by rapidly assessing levels of specific biodegradative genes 
in samples contaminated with hydrocarbons. We used PCR instead of standard 
DNA hybridizations (slot- or Southern blots), because it was anticipated that PCR 
would detect target genes with much greater sensitivity. Calculated gene densities, 
however, should be considered as estimates only. Factors that influence calcula- 
tions of gene density include primer bias/selectivity, gene copy number / organism, 
presence of eukaryotic DNA in the extract, difficulty in accurately quantifying 
recovered DNA, and method of PCR product detection (agarose gels, nested PCR, 
hybridizations with internal primers). Given the difficulty in accurately quantify- 
ing each variable, gene density estimates differing by a factor of 10 probably have 
little biological significance. In contrast, gene density estimates differing by 102 or 
103/gram sediment are likely to be biologically relevant and have implications for 
remediation efforts. 

Although maximum DNA extraction efficiency and maximum PCR sensitivity 
are important in many studies, their benefits for field assessment of biodegradative 
potential must be considered. Gene probe technology has not been widely used 
during actual remediation attempts owing, in part, to time-consuming and there- 
fore costly sample analysis (33). In light of these issues, we accepted a reduced level 
of sensitivity and/or  accuracy in several areas to increase sample processing speed 
and efficiency. First, we used a brief, but vigorous lysis procedure rather than apply- 
ing a more gentle extraction technique or extracting cells prior to lysis. Our extrac- 
tion efficiency ranged from 1-10% based on theoretical DNA yield calculated from 
observed microscopic direct counts. Reported extraction efficiencies range from 
>90% for seeded sediments (for example, 10, 30, 32) to <20% for unseeded sediments 
(34). Our estimated extraction efficiency, then, was in agreement with expectation 
and consistent with previous reports from unseeded sediments. Second, because 
microbial biomass was found to be high by AODC, we extracted a single large 
sample (50 g) to speed sample processing and to compensate for an expected lower 
extraction efficiency. A large sample also reduces bias owing to microbial spatial 
variability. Third, DNA was not extensively purified because the inhibitory effects 
of humic compounds on PCR can usually be removed through a 1:10 or 1:100 
dilution (e.g. 27), and further purification techniques reduce DNA yield. Loss of 
sensitivity from dilution was judged as acceptable for the objectives of this study. 
Fourth, 10-fold dilutions of sediment extracts and template in control reactions 
were used. Two- or threefold dilutions could have been used, and a three-well or 
five-well MPN-PCR format would have provided more accurate PCR extinction 
values. In combination, these changes could be used to estimate gene density in 
samples better and reduce the actual detection limit for a particular gene. Fifth, 
because all three primer sets were used under the same cycling conditions to reduce 
processing time (and therefore cost), and because process-level contamination 
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was eliminated by reducing sensitivity, the detection levels for alkB and xyIE were 
higher than necessary. Had we elected to perform separate, opt imum cycling 
conditions for each primer set, detection levels for alkB and xylE would  have 
improved by at least an order of magnitude. Finally, secondary detection methods 
applied to amplification products (hybridization with internal primers or nested 
PCR) were not performed to reduce overall processing costs and time, at the 
expense of increased sensitivity and confirmation of amplicon identity. Indepen- 
dent confirmation of PCR product identity would be useful, especially in those 
cases where alternate amplification products are observed. 

Interpretation of Results 

Acridine orange direct counts of bacteria showed microbial populations in all 
samples were 100- to 1000-fold higher than would be expected for non-contami- 
nated subsurface sediments (_>108 at the site vs 10s-107 for pristine sediments in arid 
environments [35,36]). Total bacterial population samples from the ED and WR 
locations before the 4-d bioventing test indicate that microorganisms were growing 
on fuel components and that some level of intrinsic remediation was occurring. The 
ED location had the highest bacterial population, aromatic hydrocarbon level, and 
nahAr and xylE genes (109/gram), indicating that the microbial communi ty  had 
been enriched for cells containing these degradative pathways and that natural 
attenuation of aromatic hydrocarbons was occurring (14). Detection of alkB at the 
bioslurping site and at the WR location after venting suggests that alkB -bacteria 
may be enriched by oxygen addition, but very low gene densities and preliminary 
dodecane mineralization data (not shown) suggests that other alkane-degrading 
gene products were responsible for most of the biological TPH loss. 

Bioventing at the ED and WR locations did not result in a noticeable increase 
in nahAc or xyIE gene densities. The 4-d continuous venting should have been ad- 
equate to promote aerobic growth near the vent wells (assuming other nutrients 
were not limiting), but may not have been long enough to cause significant shifts in 
the microbial community structure. The apparent reduction in nahAc gene numbers 
at the ED location after venting is more likely a result of the confounding factors 
described above, rather than an actual population decrease. 

DNA hybridizations in slot-blot or Southern blot format require >_10s-10 6 

target copies for detection, assuming DNA preparations are relatively clean and 
free of inhibitory components. Our estimates of gene density indicate that a stan- 
dard hybridization approach would have been practical for detecting nahAc and 
xylE sequences at the ED location. Even under ideal conditions, however, standard 
hybridizations would have been too insensitive to detect alkB, unless 100% of avail- 
able DNA was recovered in a form suitable for DNA hybridization. Owing to high 
levels of humic contamination in our sediment extracts, nahAc and xylE may have 
also gone undetected at the bioslurping site and the WR location had we used gene 
probe methods. 

One major drawback to current molecular techniques is the scarcity of se- 
quence data for biodegradative genes. We selected nahAc, xylE, and alkB because 
sequence information was readily available and their gene products are represen- 
tative of various biochemical pathways that might be involved in JP-5 biodegrada- 
tion. For example, nahAc represents a class of highly conserved polyaromatic 
hydrocarbon dioxygenase genes (27-29) that degrade naphthalene and other, more 
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recalcitrant, polyaromatics, xylE represents a pathway involved in biodegradation 
of simple aromatics and (potential) intermediates in polyaromatic hydrocarbon 
degradation. The alkB gene was selected to represent an alkane-degradative path- 
way. However, published nah sequences are limited to aerobic strains of P. putida 
and xylE sequences are so divergent that consensus primers only targeted Pseudomo- 
nas strains. Only one sequence was available for alkane hydroxylase, and this too 
was restricted to an aerobic pseudomonad with a substrate range of C6-C10 alkanes. 
The primary alkanes at the site were Cl0-C~s" so little overlap existed between the 
substrate range of the target gene and the primary substrates at the site. The limited 
ability to detect alkane degradative genes, then, was most likely owing to primer 
specificity arising from the lack of sequence information for alkane degradative 
genes. Similarly, organisms harboring aromatic hydrocarbon catabolic genes differ- 
ent than nahAc and xylE would not have been detected. As more DNA sequences for 
biodegradative genes become available, the accuracy and utility of in situ detection 
and enumeration should also increase. 

To the best of our knowledge,  this s tudy is the first report  using PCR 
methods  to estimate biodegradat ive  gene numbers  in samples obtained dur ing  
field-scale in situ remediat ion.  Major conclusions of the s tudy are that: 

1. The DNA extraction and PCR analyses allowed rapid analysis of samples 
(< 3 d of hands-on time) consistent with relatively low analysis costs; 

2. Microscopic  direct  counts  sugges t  intr insic  r e m e d i a t i o n  is occur-  
ring; 

3. The microbial population at the ED site has been naturally enriched in or- 
ganisms carrying genes for aromatic hydrocarbon degradation; 

4. alkB-containing organisms were not a major component  of the microbial 
population; and 

5. Poor bioremediation performance (as indicated by the in situ respiration 
test) appears to be a result of physical and /or  chemical problems rather than 
a lack of genetic potential for aerobic biodegradation. 
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