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Genotoxicity Assay Using Chromosomally-Integrated Bacterial recA::Lux
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Abstract An Escherichia coli strain containing the recA
promoter that fused to the iuxCDABE operon originating from
Photorhabdus luminescens was shown to respond sensitively
to genotoxic stresses. Two different recombinant bacteria, one
(DPD1657) harboring a plasmid with the recA promoter that
fused to the luxCDABE operon, and the other (DPDI1710)
containing a chromosomally-integrated rec4 promoter that fused
with luxCDABE, were compared and it was found that the
sensitivity of the two strains was significantly different in
terms of their bioluminescent level, response time, and the
minimum detectable concentration of a chemical causing DNA
damaging stress. DPD1710, with a chromosomally-integrated
single copy, generally led to lower basal luminescence levels,
faster responses, increased response ratios, and an enhanced
sensitivity to mutagens, when compared to DPD1657 with a
multi-copy plasmid.
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Since many industrial wastes and manufacturing sites
produce genotoxic agents, monitoring the genotoxicity
present in the environment has become very important
[7, 12]. Consequently, the need for sensitive detection of
genotoxicity to provide a warning against the mutagenic
effects of pollutants has led to the development of various
bioassays [1, 5, 9, 11, 15].

Assays relevant to human risk assessment often involve
mammals, either through direct animal exposure or tissue
culture tests. Simpler bacterial assays, justified by the
correlation between the genotoxicity of chemicals in bacterial
and animal systems, allow faster responses and, thus, have
attracted increased usage. Among these, the most widely
accepted assay is the Ames test, which quantifies reverse,
prototrophic mutation in histidine-requiring strains of

*Corresponding author
Phone: 82-62-970-2440; Fax: 82-62-970-2434;
E-mail: mbgu@kjist.ac.kr

Salmonella typhimurium [1]. A different approach for the
detection of environmental mutagens is based on bacterial
SOS activation. Included in this category are the SOS
chromotest, rec-lac test, and umu test [16]. Several recent
reports have suggested detection of SOS activation through
the use of bacterial bioluminescence (/ux) as a reporter, an
approach that monitors bacterial responses in real-time
experiments with simple luminometry protocols [2, 3, 8,
15]. Previous studies include the use, within an Escherichia
coli host, of cither recA or uvrd promoters fused with
Vibrio fischeris luxCDABE operon [15]. In the Vitotox
assay, the same plasmid-borne reporter system is fused to
the recN promoter of E. coli and introduced into S.
typhimurium [14].

A recombinant E. coli strain containing a recA::luxCDABE
fusion is one of the strains recently constructed, and
its responses to known mutagens have been characterized
[5,9,15,16]. The recombinant bacterium, DPD1657,
contains the recA promoter and Jux fusion on a multi-copy
plasmid, thereby enhancing the intensity of the observed
response, yet introducing a potential instability into the
maintenance of the extrachromosomal genetic element.
Another possible disadvantage to using a multi-copy
plasmid-based fusion is the loss of responsiveness by the
regulatory element, due to the titration effect of hundreds
of fusions containing operator-promoters, on a fixed level
of the repressor {10, 16]. Accordingly, the current study
used the recombinant bacteria, DPD1710, containing a
chromosomally-integrated recd promoter-iux fusion to
overcome the disadvantages of a multi-copy plasmid-
based fusion.

MATERIALS AND METHODS

Strains and Culture

E. coli strain DPD1657, constructed at DuPont Co.
(Wilmington, U.S.A.), harbors a plasmid containing the
recA promoter fused to a promoterless vector, pPDEW201
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with the luxCDABFE operon from P. luminescens, and has
DH5o0 as host. In contrast, E. coli strain DPD1710 contains
a chromosomally-integrated fusion of the recA promoter
region from the Photorhabdus luminescens luxCDABE
operon in the host strain JC7623 [16]. This strain was
constructed using the plasmid pDEW 14 at the DuPont Co.
[16]. Plasmid pDEW 14 was constructed by ligating a Pstl-
EcoRI fragment containing a recA::luxCDABE fusion from
plasmid pDEW201 into plasmid pBRINT [16]. DPD1710
was constructed using strain DPD1657 as the recipient for
the transduction of P1, phage grown on strain JC7623.
The recA::luxCDABE fusion of strain DPD1710 was
integrated into the /acA locus of E. coli and oriented so that
the direction of the transcription was the same as that of
the lacZYA operon. [16]. The cultures were grown in
100 ml of a Luria-Bertani (LB, initial pH of 7) medium,
including 10 mg/l of ampicillin (Sigma Co.) for DPD1657,
in 250-ml flasks, which were placed in a rotary incubator
(Perkin-Elmer Co., U.S.A.). DPD1710 did not require any
antibiotics. The cells were cultivated at 37°C, while mixing
and aeration were provided by agitation (250 rpm). After
sterilization, each new flask was inoculated with 2 ml of an
inoculum derived from a seed culture previously cultivated
for 8 h in 100 ml of an LB medium. When the optical
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density at 600 nm (OD,,) reached 0.08 (the early-exponential
growth phase), the test chemicals were added to the culture
media.

Chemicals

The chemicals used in this study were mitomycin C
(MMC, Sigma Co., U.S.A.), methyl-nitro-nitrosoguanidine
(MNNG, Aldrich Co., U.S.A.), hydrogen peroxide (H,0,,
Metrck), ethidium bromide (EtBr, Sigma Co., U.S.A)), and
phenol (Sigma Co., U.S.A.). The bioluminescence (arbitrary
units, AU, U.S.A)) emitted was monitored using a
highly sensitive luminometer (Model 20e, Turner Design,
CA, US.A), and the cell growth was measured using
a UV/Vis spectrophotometer (Perkin Elmer Co., U.S.A.) at
600 nm. The bioluminescence data values were presented
as the specific bioluminescence (SBL), i.e. the volumetric
light emission (AU) divided by the optical density of the
cell suspension (OD,,), or response ratio, i.e. the SBL of
the induced cells divided by the SBL of the uninduced
cells.

Data Analysis

All experiments were performed in triplicate for an
error analysis. Three data points were used to calculate
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Fig. 1. Representative time course curves for response of DPD1710 to mitomycin C and phenol.
Kinetic response data for cell concentration and SBL in response to addition of mitomycin C (a) and phenol (b).



the standard deviation, which was represented by an error
bar.

RESULTS AND DISCUSSION

Strain DPD1710 with a recA::luxCDABE fusion was
integrated into the chromosome. In addition, it was
confirmed that recA::luxCDABE was present in DPD1710
as a single copy [16]. As shown in Fig. 1, DPD1710
showed a very sensitive response to DNA-damaging stress
caused by MMC, an intercalating agent, however, with no
noticeable response to nonmutagenic agents, i.e. phenol.
In addition, a higher expression was observed immediately
after the exposure to MMC started, indicating a fast response.
Conversely, no significant response was observed with any
of the concentrations of phenol used in the current study
(Fig. 1b). This indicated that the rec4 promoter exhibited a
quite specific response to the mutagens. As shown in Fig.
2, in the case of DPD1657, the maximum value for the
response ratio appeared 100 min after induction, which was a
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Fig. 2. Comparison of response specificities between DPD1710
and DPD1657.

The chemical concentrations showing the maximum bioluminescence
values were used; (a) 2 ppm for MMC and (b) 314 ppm for phenol.
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quite delayed response, whereas DPD1710 gave a faster
response after the induction with MMC. These results
seemed to indicate that the DNA damage caused by MMC
directly affected the recA promoter in the chromosome
in contrast to the plasmid based rec4 promoter, thereby
the bacterium responded to the resulting genotoxicity
immediately after the induction. In addition, while the
basal bioluminescent value of DPD1657, containing a
multi-copy plasmid recA::luxCDABE fusion, without
induction was around 15,000 (data not shown), DPD1710
exhibited a much lower basal luminescence, 1.e. about 10.
Therefore, it was found that the single-copy chromosomal
integration led to increased response ratios, as compared
to the bioluminescent level of the uninduced control
(Fig. 2a). This was due to the fact that the background
bioluminescence expressed under the recA promoter was
lower with the single copy in the chromosome. Another
aspect related to the decreased background bioluminescence
was the responses of the strains to phenol, as shown in Fig.
2b. In a previous study, DPD1657 responded immediately
after the introduction of phenol (a nongenotoxic agent)
due to the background bioluminescence expressed by the
recA promoter in the plasmid, even though the maximum
bioluminescence level of the strain with phenol was lower
than that of the uninduced strain [5]. However, in
the current study, DPD1710 did not respond to phenol
at all, demonstrating that the background luminescence
was significantly reduced in the strain containing the
chromosomally-integrated fusion gene. In addition, it was
also found that other mutagens exhibited similar responses
to MMC, as summarized in Table 1. The minimum detectable
concentrations of DPD1710 for several mutagens were
almost 30 times lower than those by DPD1657, thus
the sensitivity was enhanced due to the chromosomal
integration.

Accordingly, the current study found that a recombinant
E. coli strain with a chromosomally-integrated fusion of the
recA promoter with the genes required for bioluminescence
exhibited more sensitive response to mutagens than a strain
with the fusion located on a plasmid. Since DPD1657 was
constructed by using pDEW201, originating from pBR322,
its copy number is approximately 55. In contrast, the
recA::luxCDABFE fusion in DPD1710 is a single copy [16].
The use of chromosomal integration generaily led to a
faster response after exposure to the mutagens tested,
as well as to lower basal luminescence levels, increased
response ratios, and enhanced sensitivities. Therefore, these
results suggested that the addition of mutagens had greater
effect on the single-copy recA promoter fusion in the
chromosome compared to the plasmid-based fusion due to
the difference in the copy numbers. In addition, the
response was also influenced by the extent of the LexA
degradation protein, a repressor in the SOS regulon [11].
The rec4 gene is a rapidly expressed gene by the SOS
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Table 1. Comparison between responses of DPD1710 and DPD1657 to several mutagens in terms of minimum detectable
concentration and the concentration showing 20% growth inhibition. The minimum detectable concentration was the specific
concentration resulting in a 2.5-fold induction of bioluminescence compared to that of the control. In addition, the concentrati on
providing 20% growth inhibition was determined using the specific growth rate during the exponential phase of growth.

Minimum detectable concentration

Concentration showing 20% growth inhibition (EC,,)

DPD1710 DPD1657 DPD1710 DPD1657
Mitomycin C 0.8 ppb 15 ppb 1,000 ppb 2,000 ppb
Methyl-nitro-nitrosoguanidine 0.5 ppb 32 ppb 200 ppb 3,000 ppb
Hydrogen peroxide 0.01 ppb 0.5 ppb 5 ppb 50 ppb
Ethidium bromide 10 ppb 320 ppb 150 ppb N.T.

*N.T.: Not Tested.

regulon and encodes the RecA protein, which has specific
co-protease and general recombinase activities {3, 11]. The
rate of the LexA repressor auto-cleavage is substantially
elevated by the RecA co-protease action. After LexA is
degraded, a swift induction in recd expression is seen in
response to DNA damage, thereby allowing the rec4 gene
fusion to efficiently detect genotoxicity [5, 11]. Consequently,
the current results suggest that the existence of a multi-
copy plasmid-based rec4 promoter fusion gene requires
greater number of mutagen to fully activate all the
promoters, while a chromosomally-integrated fusion gene
is fully activated with lower mutagen concentration. This
also explains the difference in the induction values as a
portion of the plasmid-borne fusion genes is repressed,
requiring a greater induction to achieve a completely de-
repressed state, whereas the chromosomally-integrated
fusion gene remains activated longer and complete de-
repression of the promoter is easier to achieve. Therefore,
modification of the recd::luxCDABE to a single-copy
system from a multi-copy plasmid system actually enhanced
its sensitivity to mutagens and reduced the background
bioluminescence emission while providing more stable
responses to mutagens and their actions.

Acknowledgments

The authors are appreciative for the Alexander von
Humbolt foundation to support Prof. Man Bock Gu. This
work was supported by the National Research Laboratory
(2001 NRL) program of the Korea Institute of Science
and Technology Evaluation and Planning (Project No.
M10104000094-01J000004100).

REFERENCES

1. Ames, B. N., J. McCann, and E. Yamasaki. 1975. Methods
for detecting carciogens and mutagens with the Salmonella/
mammalian microsome mutagenicity test. Mutat. Res. 31:
347-364.

10.

11.

12.

13.

. Britz, M. L., N. Simonov, and U.-H. Chun.

. Britz, M. L., N. Simonov, and U.-H. Chun. 1997. Stabilization

of Dbioluminescence of immobilized Photobacterium
phosphoreum and monitoring of environmental pollutants. J.
Microbiol. Biotechnol. T: 242-249.

1997.
Immobilized luminescent cell-based flow through monitoring
of environmental pollutants. J. Microbiol. Biotechnol. T:
250-257.

. Gu, M. B., J. Min, and E. J. Kim. 2002. Toxicity monitoring

and classification of Endocrine-Disrupting Chemicals (EDCs)
using recombinant bioluminescent bacteria. Chemosphere
46: 289-294.

. Gu, M. B, J. Min, and R. A. LaRossa. 2000. Bacterial

bioluminescent emission from recombinant Escherichia coli
harboring a recA::luxCDABE fusion. J. Biochem. Biophys.
Meth. 45: 45-56.

. Huh, N.-E., N.-S. Choi, Y.-K. Seo, T.-S. Yu, and H.-S. Lee.

1994. Characterization of a cadmium-resistant yeast strain in
response to cadmium or heat shock stress. J. Microbiol.
Biotechnol. 4: 30-35.

. Karine, J., J. M. Mailiard, J. Benedik, and R. C. Wilson.

1996. Rapid detection of mutagens by induction of
luciferase-bearing prophage in Escherichia coli. Environ.
Sci. Technol. 30: 2478-2483.

. Kim, S. W,, S. H. Choi, J. Min, and M. B. Gu. 2000. Toxicity

monitoring of endocrine disrupting chemicals (EDCs) using
freeze-dried recombinant bioluminescent bacteria. Biotech.
Bioprocess Eng. 5: 1-6.

. Kwak, Y. H,, I. K. Sung, Y. L. Ki, and K. B. Han. 2000.

Stress responses of the Escherichia coli groE promoter. J.
Microbiol. Biotechnol. 10: 63—68.

Lee, J. H.,, M. S. Park, K. H. Lee, and G. E. Ji. 2000.
Characterization of plasmids from Bifidobacterium sp. J.
Microbiol. Biotechnol. 11: 1-6.

Min, J., E. J. Kim, R. A. LaRossa, and M. B. Gu. 1999.
Distinct responses of a recd::luxCDABE Escherichia coli
strain to direct and indirect DNA damaging agents. Mutat.
Res. 442: 61-68.

Park, H. J., K. O. Hwang, and E. S. Kim. 2002. Construction
and characterization of a recombinant bioluminescence
Streptomycetes for potential environmental monitoring. .J.
Microbiol. Biotechnol. 12: 706-709.

Ptitsynm, L. R., G. Horneck, O. Komova, S. Kozubek, E. A.
Krasavin, M. Bonev, and P. Rettberg. 1997. A biosensor for



14.

15.

environmental genotoxin screening based on a SOS lux
assay in recombinant Escherichia coli cells. Appl. Env.
Microbiol. 63: 4377-4384.

van der Lelie, D., L. Regniers, B. Borremans, A. Provoost,
and L. Verschaeve. 1997. The Vitotox® test, an SOS
bioluminescence Salmonella typhimurium test to measure
genotoxicity kinetics. Mutat. Res. 389: 279-290.

Vollmer, A. C., S. Belkin, D. R. Smulski, T. K. van Dyk, and
R. A. LaRossa. 1997. Detection of DNA damage by use of

GENOTOXICITY ASSAY BY BACTERIAL recA::Lux 103

Eschrichia coli carrying recA': :lux, uvrA"::lux, or alkA'::lux
reporter plasmids. Appl. Env. Microbiol. 63: 2566-2571.

. Yaakov, D., R. Rozen, D. R. Smulski, T. K. van Dyk, A. C.

Vollmer, D. A. Elsemore, R. A. Larossa, and S. Belkin.
2000. Improved bacterial SOS promoter::lux fusions for
genotoxicity detection. Mutat. Res. 466: 97-107.



