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Two reporter systems, lacZY and lux4B, were stably integrated into the chromosome of Pseudomonas
aeruginosa UG2, a biosurfactant-producing strain. Growth and rhamnolipid production of the UG2 wild-type
and reporter gene-bearing UG2L strains were similar in liquid culture. A spontaneous rifampin-resistant
derivative, UG2Lr, allowed antibiotic selection. Phenotypic characteristics were compared for usefulness in
detecting UG2Lr colonies: morphology, fluorescent pigment production, light emission (lux), X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside) cleavage (lac), and rifampin resistance. Survival patterns of UG2,
UG2L, and UG2Lr strains were similar in sandy loam soil microcosms over 12 weeks. The lac marker was not
suitable for monitoring P. aeruginosa UG2Lr in soil since 20 to 42% of cultured, aerobic, heterotrophic soil
microorganisms formed blue, lactose-positive colonies. The lux genes provided a stable and unequivocal
reporter system, as effective as conventional antibiotic plating, for tracking microorganisms nonselectively at
10° CFU/g of soil. Three months after inoculation into oil-contaminated and uncontaminated soil microcosms,
UG2Lr cells were recovered at 107 and 10* cells per g (dry weight) of soil, respectively. Detection by PCR
amplification of part of the lux4 gene confirmed a decrease in UG2Lr cell numbers in uncontaminated soil. In
combination, antibiotic resistance, bioluminescence, and PCR analyses provided sensitive detection and

quantitative enumeration of P. aeruginosa UG2Lr in soil.

It is probable that genetically engineered microorganisms
(GEMs) will be used in environmental applications such as
bioremediation and biological control (14, 34, 46). One con-
cern with GEMs is the limited ability to monitor released
microorganisms. Conventionally, specific phenotypic markers
are used, allowing selective recovery or enumeration of bacte-
ria from environmental samples (35). Other approaches in-
clude immunological techniques, DNA probing, and PCR (23).

Antibiotic resistance markers, commonly used for tracking
microorganisms (7, 10, 18, 35, 44), are not entirely satisfactory.
Widespread use of antibiotic markers may contribute to the
antibiotic resistance gene pool (1), resistant strains may be less
robust than parent strains (10), and stability of resistance
markers in cells after release into soil may not be known, where
spontaneous mutants are employed (25). Other phenotypic
markers include color production in bacterial colonies (33, 35).
Drahos et al. (15) cloned the lacZY genes from Escherichia coli
into fluorescent pseudomonads, which resulted in blue, fluo-
rescent colonies on selective media containing the p-galacto-
sidase substrate X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside). Although some soil microorganisms display
B-galactosidase activity (25), this activity is rare among fluo-
rescent pseudomonads (15).

Bioluminescence is an effective reporter for detecting re-
combinant bacteria containing the lux operon genes (30, 38).
Metabolizing bacteria containing the lux4B genes produce
light in the presence of aldehyde substrate, and luciferase is
constitutively expressed (25). Luminescence may be detected
visually in a darkroom, with X-ray film (11, 28), scintillation
counters, luminometers (20, 35), and highly sensitive charge-
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couple photon imaging devices (27, 29, 35). Using this marker,
Grant et al. (19) enumerated Erwinia carotovora in soil and
Shaw et al. (38) detected Xanthomonas campestris in field
releases on cabbage plants and soil.

Approaches involving cultivation techniques underestimate
bacterial populations, since bacteria can exist in a viable but
nonculturable state in the environment (9, 45). With molecular
techniques such as DNA probing and PCR, it is possible to
detect nonculturable bacteria or specific DNA sequences in
environmental samples (3, 12, 17, 21, 32, 40-42).

Pseudomonas aeruginosa UG2 produces two rhamnolipid
biosurfactants (43) which can enhance removal of several
aliphatic, aromatic, and chlorinated hydrocarbons from soil (4,
24, 37, 43). With its potential for soil bioremediation, it is
necessary that reliable, rapid, and reproducible tracking meth-
ods be established for UG2. In the present study, P. aeruginosa
UG2 was marked with the luxAB and lacZY genes, reporter
genes recently used to monitor a 2,4-dichlorophenoxyacetic
(2,4-p)-degrading bacterium in soils (28). Growth responses
and biosurfactant production of UG2 and the genetically
modified UG2L strains were compared in liquid culture and/or
soil to determine the effects of lux-lac genes on these param-
eters. Phenotypic markers were compared for use in enumer-
ation of UG2L strains. Survival of rifampin-resistant UG2Lr
was investigated in uncontaminated and oil-contaminated
sandy loam soil microcosms by selective and nonselective
plating and PCR.

MATERIALS AND METHODS

Growth of Pseudomonas aeruginosa UG2. P. aeruginosa UG2
was originally isolated from an oil-contaminated soil (4).
Strains were maintained on tryptic soy agar (TSA; Difco
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Laboratories, Detroit, Mich.) as described previously (43).
Inocula, derived from single colonies, were grown for 18 to 24
h in tryptic soy broth (TSB; Difco) at 30°C with 200 rpm
gyratory shaking. Portions of inoculum were washed in sterile
0.85% (wt/vol) saline by microcentrifugation (8,000 X g, 10 s),
and 1% (volfvol) inoculum was introduced into triplicate
250-ml Erlenmeyer flasks containing 50 ml of minimal salts-
glucose medium (43). Cultures were incubated at 30°C with
200 rpm shaking until late-log phase (24 h).

Growth was followed by optical density measurements at 600
nm with a Phillips spectrophotometer and by viable-cell
counts, performed by spread-plating 0.1 ml of dilutions in
sterile 0.85% (wt/vol) saline onto TSA plates. Colonies were
enumerated after 48 h of incubation at 30°C.

Chromosomal integration of reporter genes. The lux-lac
genes, described in detail elsewhere (28), were inserted into P.
aeruginosa UG2 by using a broad-host-range shuttle system (2,
28). The element contained the lux4B genes from Vibrio
harveyi (31), the lacZY genes from E. coli, and the Tn7 termini,
but it lacked the Tn7 transposase genes. The final construct
(28) contained an unstable transposase function and was
introduced into UG2 by electroporation (13, 28). Following
introduction of the final plasmid construct, the cell suspension
was diluted into sterile water and incubated at 22°C overnight
(starvation conditions). Cells were plated onto Oxoid Antibi-
otic Media no. 2 (Unipath Ltd., Nepean, Ontario, Canada)
containing X-Gal without or with 30 pg of gentamicin per ml.
No growth on gentamicin agar and abundant growth on
nonantibiotic agar indicated that starvation conditions pro-
moted transposition at high efficiency.

Antibiotic selection. A spontaneous rifampin-resistant P.
aeruginosa UG2L strain, designated UG2Lr, was isolated and
subsequently enumerated on solid media containing 50 pg of
rifampin per ml and 50 g of cycloheximide per ml.

Rhamnolipid analysis. Concentrations of rhamnolipid bio-
surfactants produced by UG2 were determined by a modified
L-rhamnose assay (6) on 100-pl aliquots of culture supernatant
acidified with a drop of 1 N HCI. Extractions were performed
as described by Scheibenbogen et al. (37). L-Rhamnose content
was determined by comparison with a-L-rthamnose standards.

Soil characteristics and microcosm design. A sandy loam
soil (75% sand, 18% silt, 7% clay) was collected from field
plots at the University of Guelph Cambridge Research Station
and was stored at 4°C. Soil pH (1:1 soil-distilled water) was 7.8,
field capacity (measured on disturbed soil at —1/3 bar) was
11%, and saturation point was 44% (wt/wt). Other soil char-
acteristics were described previously (16). Fifteen grams of
moist (13.9 g of oven-dry weight), sieved (2-mm pore diame-
ter) soil was placed in sterile 59-ml French Square Bottles
(Fisher Scientific Co., Toronto, Ontario, Canada). Oil-contam-
inated microcosms consisted of the sandy loam soil spiked with
5% (wt/wt) Esso virgin heavy atmospheric gas oil (refined from
light Canadian crude oil; Esso Research Centre, Sarnia, On-
tario) by mixing with a sterile spatula. Oil-treated soil micro-
cosms were aged 4 months, prior to inoculation, under exper-
imental conditions described below. Aging allowed time for
indigenous microbial communities to more closely represent
those of a contaminated field soil.

Soil in microcosms was adjusted to a bulk density of 1.2
g/cm® and was inoculated with 1 ml of bacterial cell-water
suspensions at final densities of 10® to 10° CFU/g (dry weight)
of soil. Suspensions were added dropwise and were spread by
capillary action (24), raising soil moisture content to 15% of
soil dry weight. Equivalent amounts of water were added to
noninoculated controls. In oil-contaminated microcosms, bac-
terial suspensions were added by mixing with a sterile spatula
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and were readjusted to 1.2 g/cm®. Microcosms were incubated
at 22°C in dark, moist, sealed bags at 100% relative humidity.
Periodic mass measurements over time indicated minimal
water loss.

Enumeration of microorganisms from soil. Triplicate micro-
cosms were sacrificed to enumerate microorganisms. Sterile
sodium pyrophosphate solution (0.1% wt/vol, pH 6.9) was
added to microcosms, producing a final dilution of 1:2 (soil dry
mass-suspension volume). Microcosms were shaken for 40 min
at 200 strokes per min in a straight-action shaker (Eberbach
Corp., Ann Arbor, Mich.) at 22°C. Some aliquots (1.0 ml) of
soil suspension were removed and frozen at —20°C for DNA
extraction and PCR analyses; others (0.2 ml) were diluted in
sterile saline. Cell recovery from microcosms ranged from 96
to 105% when this method was used; mechanical dispersants
were unnecessary.

Aliquots (0.1 ml) were spread-plated on TSA, King’s B agar
(16), and/or minimal salts medium with 2% (wt/vol) glucose
and 1.5% agar (wt/vol) (43). Rifampin and cycloheximide were
added to selective media at 50 pg/ml each. Plates were
incubated for 2 days at 30°C. Fluorescent colonies, on King’s B
plates, were enumerated under UV light.

Enumeration of lactose-positive colonies. Lactose-positive
colonies, exhibiting B-galactosidase activity, turned blue in the
presence of X-Gal (15). Lactose-positive colonies were as-
sessed on media with and without 2% (wt/vol) lactose, 6 to 24
h after being lightly sprayed with X-Gal (20 mg/ml in form-
amide).

Enumeration of photon-emitting colonies. Bioluminescent
colonies were enumerated on spread plates containing vapor-
ous n-decanal (Sigma), by collecting photons emitted over 10s.
Photons were collected by using a Biomedical Image Quanti-
fier (BIQ; Bioview Image Research, Cambridge, United King-
dom) equipped with an intensified, charge-coupled camera
device interfaced with an IBM-compatible processor.

Data analyses. Analysis of variance and Duncan’s multiple-
range tests were carried out by using CoStat Statistical Package
software (CoHort Software, Berkeley, Calif.) at a 95% confi-
dence level.

DNA extraction and purification. The DNA extraction
procedure was adopted from Leung et al. (26) with modifica-
tions. One-milliliter portions of soil suspension in sodium
pyrophosphate (described above) or 1.0-g portions of soil in
450 ul of sterile deionized water were used for direct DNA
extraction. Five milligrams of lysozyme in 50 pl of Tris buffer
(250 mM, pH 8.0) was added, and samples were shaken at 400
rpm for 30 min at 30°C. After a 30-min incubation at 37°C, 100
ng of Proteinase K (Sigma) per ml (final concentration) was
added, and samples were incubated for 30 min. Fifty-microliter
portions of filter-sterilized 20% sodium dodecyl sulfate solu-
tion were added, and samples were incubated for 30 min at
85°C. Soil residue was removed by centrifugation (14,000 X g,
10 min), and one-half volume of 7.5 M ammonium acetate was
added to supernatant to precipitate proteins and humic sub-
stances. Crude DNA extract was purified by a 1-min centrifu-
gation (Hermle Z320) at 100 X g through a 5-ml Sephadex
G75 (Sigma) column. Sample DNA was precipitated in ethanol
(36) and resuspended in 100 pl of sterile deionized water.
DNA extracts were purified twice with glass milk according to
Geneclean instructions (Bio101 Inc., La Jolla, Calif.) and were
resuspended in 100 pl of sterile ultrapure water.

DNA amplification and probing. An 894-bp fragment lo-
cated at nucleotide positions 740 to 1633 of the lux4 gene (8)
was amplified by using two 27-mer primers (primer 1: 5'-
CCACCTGAGCTATCTCAGACCGAAGTG; primer 2: 5'-
CGCGATACACTCTTCAGGCGTCCCTAC). PCR was per-
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TABLE 1. Background numbers of indigenous, lactose-utilizing, bioluminescent, rifampin-resistant, and fluorescent pigment-producing
‘ microorganisms in a sandy loam soil”

Cell numbers” (10° CFU/g of dry wt soil) in:

Treatment TSA King’s B ) Rifampin-amended
All media“ medium?
Total Lac® (blue) Total Fluorescent Lac
Sandy loam soil 140 + 14 57 £ 45 110 = 3.2 1.0+ 1.0 29 = 3.2 <0.01/ 0.73 = 0.11
Oil-contaminated soil¥ 160 + 40 33 + 8.0 120 = 7.0 2020 21 £ 20 <0.01 n.d”

“ Determined by spread-plating on various media.

®Means * SD (n = 3).

¢ Luminescent microorganisms.

< Rifampin-resistant microorganisms.

¢ Lactose-utilizing microorganisims.

/Below the limit of detection.

& Sandy loam soil contaminated with 5% (wt/wt) Esso light reference oil.
# Not determined.

formed in a Temp - Tronic thermocycler (Barnstead/Ther-
molyne Co., Dubuque, Iowa) in 50-pl volumes. The PCR
solution contained 1 X PCR amplification buffer, 2 U of Taq
DNA polymerase (Perkin-Elmer Cetus Corp., Norwalk,
Conn.), 100 uM (each) dNTPs (Pharmacia LKB Biotechnol-
ogy, Milwaukee, Wis.), 0.22 pM (each) primers, 2% form-
amide, and 0.5 pl of template DNA. The reaction mixture was
overlaid with 50 pl of sterile mineral oil. The mix was subjected
to a 4-min denaturation at 94°C followed by a 6-min annealing
and extension at 70°C. Parameters for the subsequent 39 cycles
were a 30-s denaturation and a 2-min annealing and extension,
followed by a final 10-min extension. PCR product was ana-
lyzed by electrophoresis in a 1.2% (wt/vol) agarose gel con-
taining ethidium bromide (0.2 pg/ml). A 20-mer internal probe
(5'-GTCGTCGCGGAGTCAGCATC) targeting nucleotide
positions 1220 to 1239 of the luxA gene was synthesized and
labelled with digoxigenin-dUTP by using the oligonucleotide
tailing kit (Boehringer Mannheim, Indianapolis, Ind.). The
agarose gel product was transferred to a nylon membrane
(Bochringer Mannheim) with a vacuum blotter (36). The
membrane was soaked in prehybridization and hybridization
solutions (5) at 60°C for 1 h. Chemiluminescent detection was
performed in AMPPD solution according to the Boehringer
Mannheim Genius System User’s Guide (5) with a 1-h incu-
bation at 37°C. Chemiluminescence was recorded with the
Biomedical Image Quantifier described above.

RESULTS

Growth and rhamnolipid production of P. aeruginosa UG2
and UG2L. P. aeruginosa UG2 and UG2L showed similar
growth profiles and final growth yields, as determined by
optical density and viable-cell counts (data not shown). During
early exponential growth (10 to 13 h) doubling time was 1.9 h
for both strains. UG2 and UG2L also produced similar
amounts of extracellular rhamnolipid biosurfactants in liquid
culture over 10 days (1.5 to 1.75 g of L-rhamnose per liter)
(data not shown).

Background incidence of selected phenotypes in soil. Five
characteristics used to distinguish P. aeruginosa UG2Lr colo-
nies from those of indigenous soil microorganisms were bio-
luminescence, PB-galactosidase activity (X-Gal cleavage),
rifampin resistance, fluorescent pigment production, and dis-
tinct colony morphology. Numbers of indigenous, aerobic
heterotrophic microorganisms which expressed these pheno-
types are summarized in Table 1, for both oil-contaminated
and uncontaminated sandy loam soil. No background lumines-

cent microorganisms were detected at any time. Rifampin-
resistant microorganisms represented 0.5% of cultured, indig-
enous soil microorganisms. Indigenous fluorescent pigment
producers were also low (1 to 5%) in sandy loam soil. The
B-galactosidase-positive portion of the indigenous population
ranged from 20 to 42% of aerobic heterotrophic microorgan-
isms, including fungi, cultured on King’s B agar (with lactose)
and TSA, respectively (Table 1).

Stability of phenotypic markers in P. aeruginosa UG2Lr.
The stabilities of rifampin resistance, luminescence, and B-gal-
actoside hydrolysis phenotypes in P. aeruginosa UG2Lr were
examined over a 1-year period. Routine comparison of CFU
on selective and nonselective agar from mid- to late-log
cultures showed statistically similar numbers of blue, biolumi-
nescent colonies on nonselective and rifampin-amended media
(data not shown). These characteristics were also retained by
UG2Lr cells over 8 weeks in soil (Table 2).

Monitoring UG2Lr by using various phenotypic traits.
Table 2 presents P. aeruginosa UG2Lr cell numbers obtained
from uncontaminated and oil-contaminated soil microcosms 8
weeks after inoculation. Colonies were enumerated on selec-
tive and nonselective media and were distinguished by mor-

TABLE 2. Comparison of media and phenotypic markers for
enumerating P. aeruginosa UG2Lr from oil-contaminated
and uncontaminated sandy loam soil microcosms®

Cell numbers®
(10° CFU/g of dry wt soil)

Agar® Phenotypic marker
Uncontaminated Contaminated
soil soil?
TSA Colony morphology 3.3 + 0.62* 70 + 46*
Bioluminescence 40 = 1.7 64 + 34~
X-Gal cleavage 41 + 4.6 84 + 46*
KB Bioluminescence 2.7 = 0.80* 56 + 58"
X-Gal cleavage 21 + 8.7% 78 + 48
Fluorescent pigments 3.0 = 0.80* n.d.’
Rif Bioluminescence 27 = 2.1% 67 + 39*
X-Gal cleavage n.d. 80 + 56*

¢ Isolated 8 weeks after inoculation with 5 x 10® CFU/g dry weight soil.

® Tryptic soy agar (TSA), King’s B (KB), and minimal salts agar with 50 pg of
rifampin (Rif) per ml and 50 pg of cycloheximide per ml.

“ Means + standard deviation (n = 3). Superscript x, y, and z: Values followed
by the same letter are not significantly different by Duncan’s multiple range test
(P = 0.05) within each soil type. Least significant difference values were 4.1 X
10° and 100 X 10° for uncontaminated and oil-contaminated soils, respectively.

4 Contaminated with 5% (wt/wt) Esso light reference oil.

¢ Not determined.
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phology, bioluminescence, B-galactosidase activity, fluorescent
pigment production, and rifampin resistance. There was no
significant difference between UG2Lr cell numbers distin-
guished by colony morphology (and color) on TSA, fluores-
cence on King’s B agar, luminescence on all media, or rifampin
resistance on selective medium. These enumeration methods
yielded similar mean cell numbers (Table 2).

Enumeration of UG2Lr cells by counting B-galactosidase-
positive colonies resulted in a significant (10-fold) overestima-
tion of UG2Lr cells in the sandy loam soil (Table 2), since
microorganisms exhibiting B-galactosidase activity were abun-
dant (Table 1). Therefore, X-Gal cleavage was not an effective
marker for P. aeruginosa UG2Lr in this soil. Drahos et al. (15)
successfully used the lac reporter system in combination with
fluorescent pigment production to track recombinant pseudo-
monads in soil. Intense dye production and extensive diffusion
of the water-soluble fluorescent pigments made enumeration
of fluorescent, B-galactosidase-positive colonies difficult. In
this soil, with a low fluorescent pseudomonad population
(Table 1), a second phenotypic marker was not necessary to
detect UG2Lr (Table 2). Hence, wild-type UG2 colonies could
be detected by fluorescent pigment production alone.

Nonselective media were adequate to enumerate UG2Lr at
soil dilutions of 10~ 3, For lower dilutions (e.g., 10~ '), selective
plating was effective for enumerating UG2Lr because indige-
nous rifampin-resistant microorganisms were few in soil (Table
1) and UG2Lr colonies grew rapidly, avoiding overgrowth by
indigenous microorganisms. Numbers of UG2Lr colonies on
rifampin-amended plates were similar to those on nonselective
plates, even when the nonselective plates were crowded with
indigenous soil microorganisms (500 to 1,000 CFU per plate).

Enumeration by photon imaging. Figure 1 shows the ap-
pearance (A) and photon image (B) of a rifampin-amended
agar plate supporting both indigenous soil microorganisms and
UG2Lr colonies isolated from soil at a low dilution (1/30). The
small, obscured UG2Lr colonies (Fig. 1A) were easily detected
beneath overlying fungal colonies and were distinguished from
soil microorganisms by bioluminescence (Fig. 1B). Combining
rifampin resistance and bioluminescence facilitated enumera-
tion of UG2Lr colonies on plates at numbers as low as 10
CFU/g (dry weight) of soil (data not shown).

In general, enumeration based on photon imaging of light-
emitting colonies, as compared with direct colony counts,
underestimated CFU. Cell numbers were underestimated by 0
to 5% on pure culture plates with less than 75 CFU and by 1
to 20% on plates with more than 75 CFU. Colonies on plates
containing greater than 200 CFU were difficult to discriminate
by photon counting (data not shown). Grant et al. (19)
described a similar reduction in counting efficiency with in-
creasing colony number. Poor resolution was due to colony
crowding. Furthermore, photon emissions decreased substan-
tially with colony age. On crowded plates, better resolution was
achieved with photon images collected from 18- to 24-h-old
colonies.

Survival of UG2, UG2L, and UG2Lr strains in soil. Survival
patterns of P. aeruginosa UG2, UG2L, and UG2Lr were
compared in sandy loam soil microcosms over 12 weeks (Fig.
2). Nonluminescent UG2 colonies were distinguished by fluo-
rescent pigment production on King’s B agar. Although the
inoculum density of UG2Lr was significantly higher than the
inoculum densities of the other strains, numbers of cells
surviving in soil were similar among strains after 2 weeks. After
7 weeks, UG2 cell numbers were higher than those of the
reporter-gene-bearing strains, but this difference was not sta-
tistically significant (Fig. 2). The population densities estab-

TRACKING lux-lac-LABELLED P. AERUGINOSA UG2L IN SOIL 1609

FIG. 1. Microbial growth on rifampin-amended minimal salts-glu-
cose agar plate containing P. aeruginosa UG2Lr and indigenous soil
microorganisms (A) and computer-generated photon image of the 59
bioluminescent P. aeruginosa UG2Lr colonies from the same plate (B).
Bioluminescent colonies appear as bright spots against the lightly
speckled background. Microorganisms were isolated from soil at a 1/30
dilution.

lished in soil after 12 weeks were similar among the three
strains.

It is important to demonstrate that GEMs compete and
survive as well as parent strains in a particular environment,
because marker genes may affect host fitness (35). Compeau et
al. (10) found that some rifampin-resistant Pseudomonas fluo-
rescens strains exhibited slower growth rates in culture and
higher population decay rates in soil. The relative fitness of the
genetically altered UG2L and UG2Lr strains appeared to be
unaffected in soil over 3 months (Fig. 2).

Enumeration of UG2Lr in oil-contaminated microcosms by
spread-plating. Mean numbers of P. aeruginosa UG2Lr cells
and indigenous microorganisms in uncontaminated and oil-
contaminated sandy loam soil microcosms were determined
over time in UG2Lr-inoculated and uninoculated soil (Fig. 3).
At 5 and 8 weeks, the number of cultured indigenous aerobic
heterotrophic microorganisms was significantly higher in oil-
contaminated than in uncontaminated soil microcosms. This
increase in the natural population likely resulted from crude
oil serving as a carbon source.

In the first 2 weeks after inoculation, UG2Lr cell numbers
dropped almost 2 log units in both the oil-contaminated and
uncontaminated soil microcosms. After 5 weeks, the number of
viable UG2Lr in oil-contaminated soil was higher than that in
uncontaminated soil (Fig. 3). This difference, although not
statistically significant, was notable at 8 weeks and pronounced
at 12 weeks. Large standard deviations were obtained in all
recovery experiments (e.g., Fig. 3) and resulted from high
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FIG. 2. Survival of P. aeruginosa UG2 (@), UG2L (O), and UG2Lr
(A) in sandy loam soil microcosms over time. Data points represent
mean CFU/g of dry weight soil determined for UG2L and UG2Lr (on
TSA) and UG2 (on King’s B agar). Error bars show standard
deviations (# = 3). Data points followed by different letters (a and b)
are significantly different according to Duncan’s multiple-range test (P
= 0.05).

variation in cell numbers among soil microcosms. Whole
microcosms were sacrificed to minimize variation due to
heterogeneity within a soil sample. Counts were consistent
between replicate plates but varied largely among microcosms
in some treatment groups.

Numbers of UG2Lr cells appeared to stabilize in oil-
contaminated soil after 2 weeks, but they continued to drop
about 2 log units in uncontaminated sandy loam soil over 12
weeks. Final UG2Lr populations comprised 60% of the total
cultured, aerobic, heterotrophic microbial community in oil-
contaminated sandy loam soil and only 0.7% of that in
uncontaminated soil (Fig. 3). It is not surprising that P.
aeruginosa UG2Lr survived well in oil-contaminated soil since
the wild-type strain was originally obtained from an oil-
contaminated soil and was selected for its high extracellular
emulsifying activity (4). Low densities of UG2Lr cells, e.g,, 10*
CFU/g, were easily enumerated from uncontaminated soil by
nonselective plating, and colonies were distinguished by their
bioluminescence.

Detection of UG2Lr in soil microcosms by PCR. The
detection limit of PCR was determined by analyzing soil
samples spiked with a dilution series of UG2Lr cells. About 2
% 10® CFU/g (dry weight) of soil could be routinely detected
(Fig. 4A). The amplified DNA fragment also hybridized to the
20-mer internal probe of the lux4 gene (Fig. 4B).

Samples for PCR were taken from uncontaminated and
oil-contaminated soil microcosms concurrently with those used
for the viable-cell counts presented in Fig. 3. PCR was
performed on UG2Lr-inoculated and control samples at weeks
0, 1, 5, and 12. Amplification of the lux4 marker in the DNA
extracts was equally successful in oil-contaminated and uncon-
taminated soils (Fig. 5, lanes 2 and 7). A successive decrease in
the amount of amplified /ux4 marker DNA was observed in
uncontaminated soil samples over 12 weeks (Fig. 5, lanes 2 to
5). This suggests that reduction in viable-cell numbers over 12
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CFU/g DRY WT SOIL

WEEKS

FIG. 3. Numbers of indigenous microorganisms (V) and P. aerugi-
nosa UG2Lr cells (O) in uncontaminated (hollow) and oil-contami-
nated (filled) sandy loam soil microcosms. Each data point represents
mean CFU/g of dry weight soil determined on TSA plates from
triplicate microcosms. Error bars show standard deviations (n = 3).
Data points followed by different letters (a, b, and c) are significantly
different according to Duncan’s multiple-range test (P = 0.05).

weeks (Fig. 3) resulted from cell disintegration rather than
from cells being present in a nonculturable state. In oil-
contaminated soil samples, the amount of target DNA after
PCR amplification decreased markedly during the first week
and then remained relatively constant for 1 to 12 weeks after
inoculation (Fig. 5, lanes 7 to 10), a pattern that corresponded

1018
894

5 V7

FIG. 4. (A) Agarose gel illustrating detection sensitivity by PCR of
an 894-bp luxA4 fragment from P. aeruginosa UG2Lr. Lanes 1 and 8
were 1-kb DNA ladder marker; lanes 2 to 6 were loaded with DNA
extracted from 2 X 10%,2 X 10°,2 X 10% 2 x 10%,and 2 X 10> CFU/g
of dry weight soil, respectively; lane 7 was the uninoculated control.
(B) Photon image showing chemiluminescence detection of the am-
plified Jux4 fragment by using a digoxigenin-labelled internal probe.
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FIG. 5. Agarose gel illustrating PCR products of DNA extracts
from uncontaminated (lanes 2 to 6) and oil-contaminated (lanes 7 to
11) soil samples taken at 0, 1, 5, and 12 weeks (first four lanes of each
set, respectively) after inoculation with P. aeruginosa UG2Lr. Lanes 1
and 12 show the 1-kb DNA ladder; lanes 6 and 11 are uninoculated
controls.

to the viable-cell counts over this period (Fig. 3). These data
confirmed that viable-cell counts by nonselective culture tech-
niques were accurate, and they demonstrated PCR to be an
effective, semiquantitative technique when applied to the soil
environment.

DISCUSSION

A reliable, rapid system to monitor GEMs in the environ-
ment is essential if these microorganisms are to be used for
biotechnological purposes such as on-site remediation of con-
taminated soils. P. aeruginosa UG2L contained chromosomally
integrated luxAB and lacZY, which allow detection of viable
cells by light emission and blue colony color in the presence of
n-decanal and X-Gal, respectively. The unique and artificial
arrangement of DNA fragments in close proximity (28) also
provided a means for unequivocal detection by PCR amplifi-
cation.

The present study showed that luxAB reporter genes are
suitable for tracking a GEM in soil because they are stable in
soil, potentially innocuous to the indigenous gene pool, as-
sayed easily and rapidly, unique to the GEM, and pose little
metabolic burden to host cells. Other marker systems do not
meet these criteria. For example, the lacZY (15) and xylE (33,
47) reporter genes for lactose and catechol utilization, respec-
tively, are common in soil environments (25). Antibiotic resis-
tance genes, which have been used to track microorganisms for
the past few decades, may contribute to the indigenous anti-
biotic resistance gene pool, be unstable, and adversely affect
competitive fitness of the host microorganism (10, 35). It was
convenient, however, to use an antibiotic marker when num-
bers of UG2Lr became critically low in soil (10> CFU/g (dry
weight) of soil).

Although genetic markers require some metabolic input
from host cells (1, 10, 35), engineered UG2L, rifampin-
resistant UG2Lr, and wild-type UG?2 strains of P. aeruginosa
survived equally well in soil over 12 weeks. UG2L and UG2
also exhibited similar growth and rhamnolipid production in
liquid culture. England et al. (16) found no significant differ-
ences in respiratory activity or survival of wild-type and
recombinant lac-modified Pseudomonas aureofaciens strains in
soil. Masson et al. (28) also demonstrated that selected bio-
logical and physiological properties of a lac-lux-bearing
Pseudomonas cepacia strain were not altered. Using the lux4B
portion of the operon avoids light emission in the absence of
substrate and circumvents the full metabolic burden posed by
the luxCDABE operon (20).

Luminescence is advantageous as it indicates living cells
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only, is rare in soil, and requires no selective media or
knowledge of colony morphology. Only one terrestrial lumi-
nescent microorganism, Xenorhabdus luminescens, has been
reported (20). Light emission varies with bacterial species (25,
35) and is unstable in some marine bacterial species (39).
Although the usefulness of these genes may be limited to
certain microorganisms, /ux markers have been used success-
fully with numerous pseudomonads and other environmental
isolates (11, 28, 35). The main disadvantage of using the lux
genes was the requirement for costly photon imaging devices.
X-ray film may be used to image light-emitting colonies (28,
35) but with reduced image quality and colony resolution.

Bioluminescence markers have been used to detect and
enumerate microorganisms directly in soil (19, 27) and on
roots (11, 38) with sensitivities of 10’ CFU/g for soil and 10*
CFU/cm for roots, respectively. Detection in the range of 50 to
10 CFU/g of soil (28, 38) has been achieved by using some form
of antibiotic selection. Masuko et al. (29) detected single
bacteria on filters with an ultra-high-sensitivity TV camera.
Mahro et al. (27) detected single cells of a Photobacterium
phosphoreum strain in liquid culture by using low-light video
microscopy. With charge-couple-device image-enhanced mi-
croscopy, in situ detection of microcolonies and single cells of
a marked population is possible (35).

Nonculturable cells have been reported in both terrestrial
and aquatic systems (9, 12, 22, 32, 40). Smalla et al. (40)
showed that DNA of a Pseudomonas fluorescens inoculant was
recovered and amplified from soil after 5 months, while viable
inoculant was not recovered. These data suggested that non-
culturable cells or intact marker DNA was present. Similar
observations were reported by Morgan et al. (32) for Aeromo-
nas salmonicida in an aquatic environment. In the present
study, the decline of culturable UG2Lr cells in soil microcosms
over 12 weeks was accompanied by a decrease in PCR product
of the lux4 marker. Substantial portions of the UG2Lr popu-
lation genuinely died off and cells were disintegrated. Given
the PCR detection limit of about 2 X 10> cells/g (dry weight)
of soil, however, the existence of nonculturable UG2Lr cells
below this limit remains undetectable.

P. aeruginosa UG2Lr successfully established itself over 3
months in soil microcosms contaminated with a light crude oil,
with populations remaining at 107 CFU/g (dry weight) of soil.
Ongoing studies in our laboratory indicate that UG2Lr also
survives well in a creosote-contaminated soil from a wood
treatment facility. In microcosms containing this soil, a UG2Lr
inoculum of 3 X 10® CFU/g was recovered at 5 X 10° CFU/g
(dry weight) of soil after 3 months (unpublished data). The
persistence of UG2Lr in hydrocarbon-contaminated soils dem-
onstrates the potential of P. aeruginosa UG2Lr for use in
bioremediation of contaminated soils.
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