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Abstract Bacterial bioluminescence has been known to be
a highly valuable reporter system for its potential application
as an effective and simple environmental monitoring method
for toxic compounds. In this short report, we constructed
a streptomycetes-Escherichia coli shuttle vector-containing
bioluminescence system and evaluated its potential application
for toxic compounds monitoring. The fuxAB bioluminescence
genes from Vibrio harveyi were cloned into a streptomycetes-
E. coli shuttle vector (named pESKO004) and functionally
expressed in Streptomyces lividans. The recombinant S. lividans
containing pESK004 exhibited an optimal bioluminescence
at the optical density (ODy,,) of 0.4-0.5 and aldehyde
concentration of 0.005%. When the recombinant bioluminescence
streptomycetes was exposed to a toxic compound such as heavy
metals, chlorinated phenols, or pesticides, the bioluminescence
was decreased proportionally to the concentration of toxic
compound in the assay mixture. The EC,, (effective concentration
to decrease 50% of the bioluminescence prior to exposure)
values in the recombinant bioluminescence streptomycetes for
mercury, 2,4-dichlorophenol, and malathion were measured
at 2.2 ppm, 144.0 ppm, and 82.4 ppm, respectively. The
degree of sensitivity and specificity pattern toward these toxic
compounds characterized in this recombinant bioluminescence
streptomycetes were unique when compared with previously
reported bacterial bioluminescence systems, and this revealed
that a recombinant bioluminescence streptomycetes might
provide an alternative or complementary system for potential
environmental monitoring.
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Streptomycetes are Gram-positive filamentous soil bacteria
which undergo a unique morphological differentiation
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that was initiated by various environmental stimuli [5,
8]. Although streptomycetes are well known industrial
microorganisms for their production of many valuable
secondary metabolites, some streptomycetes species are
also extremely valuable ecologically and environmentally
for their superior capabilities of sensing and degrading
diverse structures of many recalcitrant substances [1, 2, 16,
17, 20]. Several streptomycetes species have been isolated
from various environments and characterized for the purpose
of toxic compound biodegradation [6, 10, 14, 22]; however,
the toxic compound sensing capability of streptomycetes
has never been evaluated extensively in either the natural
or the recombinant forms. Recently, public awareness
regarding environmental concerns led to the development
of more efficient and reliable environmental monitoring
systems [11, 13, 21]. Among various kinds of environmental
monitoring systems, a natural or recombinant bacterial
bioluminescence system has been considered to be the
most simple and quick-response biosensor system for
the toxic compound monitoring [3,4]. Due to the fact
that the degree of sensitivity and specificity pattern toward
toxic compounds are highly variable depending on the
host bioluminescence microorganism, it is important
to continuously develop and characterize various kinds
of bioluminescence host systems to maximize the
bioluminescence-based biosensor capability. Unlike previously-
reporied Gram-negative bioluminescence systems, the
Gram-positive bioluminescence streptomycetes system lacks
the outer membrane barrier for toxic compound to be taken
in and is able to maintain stable protoplast, both of which
should be advantages for further strain improvement to
enhance monitoring sensitivity. Therefore, a novel recombinant
bioluminescence system using a streptomycete species
was constructed and its potential application for toxic
compounds monitoring evaluated.

To construct and characterize a recombinant bioluminescence
streptomycetes, a Vibrio harveyi luxAB locus was isolated
from the pUT plasmid [7] by using BamHI/Hindlll double
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Fig. 1. A map of the streptomycetes-E. coli shuttle vector,
pESK004.

digestion, and then cloned into the BamHI/HindIII double-
digested streptomycetes-E. coli shuttle vector, pWHM3
(Fig. 1). This recombinant plasmid, named as pESK004,
was then transformed into S. lividans by using a typical
streptomycetes protoplast-PEG transformation method [9],
and this was confirmed to be stably maintained as a high-
copy plasmid in S. lividans. The S. lividans containing
pESK004, named as ESK004, was cultured in 25 ml of
YEME media (yeast extract 3 g/l, Bacto-peptone 5 g/1, malt
extract 3 g/l, glucose 10 g/1, sucrose 340 g/l, MgCl,-6H,0
2 ml/]) in the presence of thiostrepton (0.5 ug/ml) at 30°C
while shaking at 200 rpm [9]. The ESK004 culture samples
were harvested at various time periods to measure the optical
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Fig. 2. Streptomycetes bioluminescence expressed as RLU
depending on various n-decyl aldehyde concentrations.
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Fig. 3. Cell growth (OD,,..) and specific bioluminescence
(RLU/OD,y...) by the recombinant bioluminescence streptomycetes,
ESK004, during YEME culture.

density (ODy,,,..) by spectrophotometery (Shimadzu UV-1601,
Kyoto, Japan) and the streptomycetes bioluminescence by
a luminometer (Bioscan LUMI-SCINT™, Washington D.C.,
U.S.A)). The bioluminescence (luciferase acitivity) was
expressed as relative light units (RLU), for which the
detailed assay method was reported elsewhere [3, 17, 19].
Since this recombinant S. /ividans ESK004 contains only
luxAB genes, n-decyl aldehyde (Sigma Chemical Co, St.
Louis, U.S.A.) was added as a substrate to carry out the
bioluminescence assay. A streptomycetes bioluminescence
was proportionally increased with the amount of n-decyl
aldehyde that was added in the assay mixture, exhibiting
the highest RLU at 0.005% of n-decyl aldehyde (Fig. 2).
However, streptomycetes bioluminescence was decreased at
a level higher than 0.005% of n-decyl aldehyde, probably
caused by cellular toxicity (Fig. 2). The OD,,,., and total
RLU values from the ESK004 culture showed a steady
increase during the incubation period, but the RLU/OD,, .
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Fig. 4. Streptomycetes bioluminescence expressed as RLU
depending on various cell culture volumes.
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value started to decrease rapidly after 40 h (Fig. 3), suggesting
that the optimal assay condition for a recombinant
streptomycete bioluminescence took approximately 40 h
of the ESK004 culture with OD,,,,, of 0.4-0.5. Although
the streptomycetes bioluminescence was also proportionally
increased with the amount of streptomycetes culture
volume added to the assay mixture (Fig. 4), a culture
volume of 100 pl in an assay mixture provided a sufficient
bioluminescence without any mixing problem in an assay vial.
Therefore, the optimum assay condition for the recombinant
bioluminescence streptomycetes was determined to be a
mixture containing 100 pl of approximately 40 h-grown
(or OD,,,. of 0.4-0.5) ESK004 cell that was cultured in a
YEME medium at 30°C with 200 rpm, and 20 pl of n-decyl
aldehyde (final concentration 0.005%) in a total assay
volume of 200 ul. This optimum assay condition for the
recombinant bioluminescence streptomycetes was highly
reproducible with consistent RLU values.

A bacterial bioluminescence-based toxicity test has
been well characterized in several natural and recombinant
microorganisms [3, 4]. A basic concept of the bioluminescence-
based toxicity test is to measure the RLU reduction after
the bioluminescence microorganism that is exposed to a
certain toxic compound. The EC,, value for an individual
toxic compound was defined as an effective concentration
to decrease 50% of the bioluminescence prior to any
exposure. In order to evaluate a potential biosensor capability
of a recombinant bioluminescence streptomycetes, three
different classes of toxic compounds such as heavy metals
(e.g. mercury, aluminum, cadmium, iron, lead, selenium,
manganese, zinc), chlorinated phenolic compounds (¢.g.
2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol), and
pesticides (e.g. parathion, diazinon, malathion) were tested
by using the optimally-cultured recombinant bioluminescence
streptomycetes, ESK004. Each toxic compound that was
properly diluted to a final volume of 80 pl was added to an
assay mixture containing 100 ul of the optimally-cultured
recombinant bioluminescence streptomycetes and 20 ul of
n-decyl aldehyde, followed by measuring the bioluminescence
after undergoing a 5 min incubation process at room
temperature. Like other bacterial bioluminescence, the
streptomycetes bioluminescence was decreased proportionally
depending on the amount of all the tested toxic compounds.
All the EC,, values for the toxic compounds tested are
summarized in Table 1. As shown in Table 1, the EC,,
values characterized in this recombinant bioluminescence
streptomycetes are variable depending on the toxic
compounds tested, and the degree of sensitivity as well as
its specificity pattern toward these toxic compounds are
unique when compared with other bacterial bioluminescence
systems reported previously [12, 15]. Unlike other bacterial
bioluminescence systems, a recombinant bioluminescence
streptomycetes was found to be highly insensitive toward
most of the chlorinated phenolic compounds (2,4-

Table 1. EC,, values for various toxic compounds tested in a
recombinant bioluminescence streptomycetes, ESK004.

Toxic compound EC,, for ESK004 (R
Hg 2.2 (0.92)
Al 10.5 (0.94)
Cd 57.8 (0.96)
Pb 105.2 (0.97)
Se 77.9 (0.95)
Mn 74.4 (0.99)
Zn 9.8 (0.98)
Fe 15.2 (0.93)
Parathion 193.2 (0.97)
Diazinon 351.6 (0.91)
Malathion 82.4 (0.91)
2-Chlorophenol 98.2 (0.98)
4-Chlorophenol 120.7 (0.94)
2,4-Dichlorophenol 144.0 (0.98)

°R’ value derived from the least square method.

dichlorophenol EC,; values for Vibrio sp. and ESK004 are
3.9 and 144.0, respectively) [12, 15]. Comparing with other
bacterial bioluminescence systems, however, the level of
the sensitivity toward heavy metals tested in the recombinant
bioluminescence streptomycetes was quite comparable
(mercury EC,, values for Vibrio sp., UV2, and ESK004 are
3.5, 2.5, and 2.2, respectively) or even higher for some
pesticides (malathion EC,, values for UV2 and ESK004
are 1146.5 and 82.4, respectively) [12, 15]. The biological
significance of differential sensitivity toward a specific toxic
compound observed in the recombinant bioluminescence
streptomycetes needs to be further investigated. In conclusion,
a luciferase gene, luxAB from Vibrio harveyi, was cloned
into a streptomycetes-E. coli shuttle vector, which was stably
maintained and functionally expressed in a heterologous
host, S. lividans. Based on the unique features, which are
not present in other bacterial bioluminescence systems, the
recombinant bioluminescence streptomycetes reported in
this article should provide an alternative or complementary
system for providing a potential environmental monitoring
application.

Acknowledgments

The authors are very grateful to Prof. Kyu-Ho Lee for
providing a pUT plasmid, along with some helpful comments.
This work was financially supported by WoonglJin Coway
Co. and Inha University.

REFERENCES

1. An, H.-R., H.-J. Park, and E.-S. Kim. 2000. Characterization
of benzoate degradation via ortho-cleavage by Streptomyces
setonii. J. Microbiol. Biotech. 10: 111-114.



10.

11.

. Antai, S. P. and D. L. Crawford. 1983. Degradation of

phenol by Streptomyces setonii. Can. J. Microbiol. 29: 142—
143.

. Ben-Israel, O., H. Ben-Israel, and S. Ulitzer. 1998. Identification

and quantitation of toxic chemicals by use of Escherichia
coli carrying lux genes fused to stress promoters. Appl.
Environ. Microbiol. 64: 4346—4352.

. Benton, M. J., M. L. Malott, S. C. Knight, C. M. Cooper, and

W. H. Benson. 1995. Influence of sediment composition on
apparent toxicity in a solid-phase test using bioluminescent
bacteria. Environ. Toxicol. Chem. 14: 411-414.

. Chater, K. F. and M. J. Merrick. 1979. In Parish, J. H. (ed.).

Developmental Biology of Prokaryotes. Univ. of California
Press, Berkeley and Los Angles, pp 93 -114.

. Esposito, E., S. M. Paulillo, and G. P. Manfio. 1998.

Biodegradation of the herbicide diuron in soil by indigenous
actinomycetes. Chemosphere 37: 541-548.

. Herrero, M., V. Lorenzo, and K. Timmis. 1990 Transposon

vectors containing non-antibiotic resistance selection markers
for cloning and stable chromosomal insertion of foreign
genes in Gram-negative bacteria. J. Bacteriol. 172: 6557—
6567.

. Hopwood, D. A. 1988. Towards an understanding of gene

switching in Streptomyces, the basis of sporulation and
antibiotic production. Proc. R. Soc. Lond. Ser. B235: 121 -
138.

. Hopwood, D. A., M. J. Bibb, K. F. Chater, T. Kieser,

C. 1. Bruton, H. M. Kieser, D. J. Lydiate, C. P. Smith, J. M.
Ward, and H. Schrempf. 1985. In: Genetic Manipulation of
Streptomyces. A Laboratory Manual. John Innes Foundation,
Norwich, U.K.

Kang, M,, J. K. Kang, and E.-S. Kim. 1999. Isolation and
characterization of soil Streptomyces involved in 2,4-DCP
oxidation. J. Microbiol. Biotech. 9: 877—-880.

Keddy, C.J., J. C. Greene, and M. A. Bonnell. 1995. Review
of whole-organism bioassays: Soil, freshwater sediment, and
freshwater assessment in Canada. Ecotoxicol. Environ.
Safety 30: 221-251.

13.

14.

15.

16.

17.

18.

19.

21.

22.

RECOMBINANT BIOLUMINESCENCE STREPTOMYCETES 709

. Klaus, L. E. and V. S. Palabrica. 1991. Photobacterium

phosphoreum toxicity data index. Water Poll. Res. J. Canada
26: 361-431.

Lambolez, L., P. Vasseur, J. F. Ferard, and T. Gisbert. 1994.
The environmental risks of industrial waste disposal: An
experimental approach including acute and chronic toxicity
studies. Ecotoxicol. Environ. Safety 28: 317-328.

Li, X. and P. Gao. 1996. Isolation and partial characterization
of cellulose-degrading strain of Streptfomyces sp. LX from
soil. Lett. Appl. Microbiol. 22: 209-213.

Park, K. J. 2000. Characterization of the physiological and
ecological responses of environmental bacteria under various
stresses. Master thesis, Hankuk University of Foreign
Studies, Korea.

Pometto III, A. L., J. B. Sutherland, and D. L. Crawford.
1981. Streptomyces setonii: Catabolism of vanillic acid via
guaiacol and catechol. Can. J. Microbiol. 27: 636-638.
Schupp, J. M., S. E. Travis, L. B. Price, R. F. Shand, and
P. Keim. 1995. Rapid bacterial permeabilization reagent
useful for enzyme assays. Biotechniques 19: 18-20.
Shelton, D. R., S. Khader, J. S. Karns, and B. M. Pogell.
1996. Metabolism of twelve herbicides by Streptomyces.
Biodegradation 7: 129-136.

Sohaskey, C. D, H. Im, and A. T. Schauer. 1992.
Construction and application of plasmid- and transposon-
based promoter-probe vectors for Streptomyces spp. that
employ a Vibrio harveyi luciferase reporter cassette. J.
Bacteriol. 174: 367-376.

. Sutherland, J. B., D. L. Crawford, and A. L. Pometto III.

1983. Metabolism of cinnamic, p-coumaric, and ferulic acids
by Strepromyces setonii. Can. J. Microbiol. 29: 1253-1257.
Toussaint, M. W., T. R. Shedd, W. H van der Schalie, and
G. R. Leather. 1995. A comparison standard acute toxicity
tests with rapid-screening toxicity tests. Environ. IToxicol.
Chem. 14: 907-915.

Yee D. C. and T. K. Wood. 1997. 2.4-Dichlorophenol
degradation using Streptomyces viridosporus TTA lignin
peroxidase. Biotechnol. Prog. 13: 53-59.



