






TRACKING l&x-lac-LABELLED P. AERUGINOSA UG2L IN SOIL

phology, bioluminescence,,-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 ,-galactosidase-
positive colonies resulted in a significant (10-fold) overestima-
tion of UG2Lr cells in the sandy loam soil (Table 2), since
microorganisms exhibiting P-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, 3-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., 10-1), 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-

A

B

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 (0), UG2L (0), 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 (n = 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., 104
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
x 103 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 luxA 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 luxA 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 luxA 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

a
a
a
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WEEKS
FIG. 3. Numbers of indigenous microorganisms (V) and P. aerugi-

nosa UG2Lr cells (0) 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

A

1 018 bp
894 bp

517 bp

B

894 bp

FIG. 4. (A) Agarose gel illustrating detection sensitivity by PCR of
an 894-bp luxA 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 106, 2 x 105, 2 x 104, 2 x 103, and 2 x 102 CFU/g
of dry weight soil, respectively; lane 7 was the uninoculated control.
(B) Photon image showing chemiluminescence detection of the am-
plified luxA 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 (102 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 UG2 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 luxAB
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

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, lax 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 107 CFU/g for soil and 104
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 luxA marker. Substantial portions of the UG2Lr popu-
lation genuinely died off and cells were disintegrated. Given
the PCR detection limit of about 2 x 103 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 108 CFU/g was recovered at 5 x 106 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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