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Abstract Five different freeze-dried recombinant bioluminescent bacteria were used for the
detection of cellular stresses caused by endocrine disrupting chemicals. These strains were
DPD2794 (recA::luxCDABE), which is sensitive to DNA damage, DPD2540 (fabA::
luxCIDABE), sensitive to cellular membrane damage, DPD2511 (katG:fuxCDABE), sensitive
to oxidative damage, and TV1061 (grpE::luxCDABE), sensitive to protein damage. GC2,
which emits bioluminescence constitutively, was also used in this study. The toxicity of sev-
eral chemicals was determined on the first four freeze-dried bacteria, while nonspecific cellu-
lar stresses were measured using GC2. Damage caused by known endocrine disrupting
chemicals, such as nonyl phenol, bisphenol A, and styrene, was detected and classified ac-
cording to toxicity made, while others, such as phathalate and DDT, were not detected with
the bacteria. These results suggest that endocrine disrupting chemicals are toxic in bacteria,
and do not act via an estrogenic effect, and that toxicity monitoring and classification of
some endocrine disrupting chemicals may be possible in the field using these freeze-dried re-
combinant bioluminescent bacteria,
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INTRODUCTION

The environmental monitoring of pollutants is be-
coming increasingly important to the general public.
This is particularly true for compounds that pose a po-
tential risk to human health or to the environment. For
example, endocrine disrupting chemicals (EDCs) have
become a pressing issue, since they may cause adverse
effects on human health by interfering with endoge-
nous hormones in the body.

EDCs are known to have an effect related to hor-
mones within animal hosts, Because they are not de-
graded in the body, and as derivatives of persistent or-
ganchalogens and herbicides, they have a high residence
period, they may cause serious problems related to bio-
accumnulation. Therefore, it is necessary to screen and
assess the risk due to EDCs in natural systems [1,2]. In
this context, most of the studies related to EDCs have
proceeded on the basis of their estrogenic effect, using
in vitro assays for measuring the oestrogen/anti-oestro-
gen, androgen/anti-androgen and dioxin-like activities
of individual compounds or complex mixtures [2].
Some research groups, however, have reported that
EDCs also cause cellular toxicity [2,3], while other
groups have found that a number of EDCs are cytotexic
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and may be detected using bacterial toxicity tests [4-6].
Although bacterial cells were unlikely to experience the
estrogenic effects induced in higher organisms, it is cer-
tain that bacteria can monitor EDCs toxicity. Therefore,
a whole-bacterial cell biosensor has been suggested to
monitor EDCs toxicity, even though bacterial cells may
not recognize hormogenic mechanisms.

Recently, some ongoing research has constructed ge-
netically engineered bioluminescent bacteria bearing a
fusion of stress promoter, which specifically respond to
environmental pollutants, and the reporter lux genes
have used with these strains to monitor toxicants [7-9].
This approach is very useful and simple since light
emitted by luciferase is easily monitored and quantified.
Various recombinant bacterial strains, DPD2794 (recA:
luxCDABE), DPD2540 (fabA::luxCDABE), TV1061 (grpE::
IuxCDABE), and DPD2511 (katG::IluxCDABE) (7-9],
and GC2 [10], bearing the pLITE2 plasmid (lac::fux-
CDABE) [11], were used for the detection of stress re-
sponse induction and cellular toxicity, caused by gen-
eral environmental toxicants, in this study {12]. In ad-
dition, a previously developed freeze-drying method
was used in this study [13]. Freeze-dried bacteria can
easily be used on-site to determine the toxicity of water
samples. Another benefit in using freeze-dried cells is
that they can be used to measure the toxicity of a sam-
ple within a shorter period of time in an flask grown
culture, Therefore, [reeze-dried genetically engineered
bioluminescent bacteria were used for the detection of
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the toxicity of samples containing EDCs in order to
provide information on the mechanism of toxicants and
to mimic the effects upon cells during field applications.

MATERIALS AND METHODS
Strains, Growth and Culture Conditions

Various recombinant bacteria, DPD2794 (recA::[ux-
CDABE) [7,14], DPD2540 (fabA::luxCDABE) [15], TV1061
(grpE:duxCDABE) [8,16], and DPD2511 (katG::lux-
CDABE) [9], were employed in this study. Each type
has a specific stress promoter fused to the luxCDABE
operon originating from Vibrio fischeri. However, GC2
(fac::luxCDABE) has the luxCDABE genes of Xenor-
habdus [uminescens under the control of the lac pro-
moter, giving constitutive expression [10,11]. Four
strains, all but GC2, were grown in Luria-Bertani (LB)
medium (Difco Co., USA) supplemented with 25 mg/L
kanamycin monosulfate {Sigma Co., USA) to maintain
the plasmid, but GC2 was grown using 10 mg/L am-
picillin (Sigma Co., USA). The initial pH of the media
was adjusted to 7.0 before sterilization. A single colony
of each strain, grown on an LB agar plate, was inocu-
lated into 100 mL of sterile LB medium and cuitured at
30°C, (37°C for GC2), and 250 rpm in a rotary incuba-
tor (New Brunswick Scientific Co., Inc., New Bruns-
wick, NJ, USA). When the optical density at 600 nm
(ODgy) reached 0.8 (late exponential phase), 2 ml of
the preculture were transfered into a new fask contain-
ing 100 mL of LB medium and the appropriate antibi-
otic.

Freeze-drying of the Recombinant Bacteria and
Rehydration

The freeze-drying method used has been described
previously [15]. Briefly, when the optical density
reached 0.8 (late exponential phase) in the second cul-
ture, the cells were harvested by centrifugation at 4000
rpm for 40 min at 4°C. After centrifugation, the pellet
was resuspended in 10 mL of fresh LB medium with
kanamyecin (25 mg/L) or ampicillin (10 mg/L} and the
resuspension diluted to adjust the O.D. to 0.08, since
the viability of the freeze-dried sample was shown to be
greatest at this concentration (data not shown), Sam-
ples were then mixed with the same volume of 24%
sucrose, a cryoprotectant. Aliquots of 1 mL were pipet-
ted into sterife 1.5-mL glass vials and frozen at -70°C
for 2 days, dried at a pressure of less than 20 millitorrs
for 2 days using a freeze-dryer (Labconco Co., USA),
capped and stored at -20°C until used. The freeze-dried
cells were rehydrated in Iml of distilled water, as it was
found that distilled water is a more effective rehydrat-
ing solution, resulting in a more sensitive biosensing
than LB media, saline water, and LB media containing

10% glucose as a rehydrating solution (data not shown).

After rehydration, 100-uL samples were removed to
luminometer tubes and placed in a water bath at a
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temperature 30°C or 37°C for 30 min, prior to the
chemical additions.

Chemical Induction

All the chemicals used in this study were purchased
from the Sigma & Aldrich Chem. Co. Stock solutions
were prepared to 1 mg/mL concentrations using sterile
distilled water for paraquat and isodrin, ethanol for
methyl bromide, DDT, cadmium chloride (CdCl,) and
bisphenol A, methanol for methoxychlor and butyl
benzyl phathalate (phathalate), and chloroform for pre-
paring a stock solution of ziram. Stock solutions of
chemicals were added to the media to a solvent concen-
tration of 0.1%, which did not result in any significant
bioluminescent response (Data not shown). Styrene
and nonyl-phenol were added directly to the medium.
The bioluminescence of cells in the sample tubes was
then monitored at set times using a luminometer
{Turner Designs, TDD-20e) and the relative biolumines-
cence (bioluminescence of the induced cells/biolumi-
nescence of the control) was determined. This was used
as quantitative indicator of toxicity and promoter in-
duction.

RESULTS AND DISCUSSION

Until recently, its majority of studies related to EDCs
have focused on their estrogenic effects, but some re-
search groups have reported that EDCs also cause cellu-
lar toxicity [2,3). In this study, it is shown that its de-
tection of specific stresses caused by several EDCs
might be possible by using four different inducible bio-
luminescent bacteria, capable of detecting specific
modes of toxicity, and in addition, a constitutive bio-
luminescent bacterium was used to detect any general
cellular toxicity caused by the EDCs.

Stress Responses of Recombinant Bioluminescent
Bacteria with Specific Stress Promoters to EDCs

Fig. 1 shows the response of the four different strains
to the same dose range of methyl bromide, which is
known as an EDC. DPD2540 (sensitive to membrane
damage) and TV1061 (sensitive to protein damage)
showed a dose-dependent response to methyl bromide,
while the other strains did not respond. This indicates
that methyl bromide may cause membrane and protein
damage in bacteria and, in addition, that it has a harm-
ful effect on bacteria, not an estrogenic effect. There-
fore, the detection of EDCs, such as methyl bromide, is
plausible using bacteria. In addition, it was found that
nonyl-phenol induces bioluminescence in DPD2540 and
TV1061 (Fig. 2). This indicates that methyl bromide
and nonyl-phenol cause damage to the cellular protein
and membrane, but not to the DNA or its oxidative
metabolism, after penetrating the cells. The specific
responses of the bioluminescent bacteria to the EDCs
are summarized in Table 1. Interestingly, as shown in
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Fig. 1. Dose-dependent respense of the four inducible bioluminescent strains to methyl bromide. The RBL is the relative biolumi-
nescence value at 20 min post induction. (a) Response of DFD2794, sensitive to DNA damage (b) DPD2540, sensitive to membrane
damage, (c) TV1061, sensitive to protein damage, and (d) DPD2511, sensitive to oxidative damage.
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Fig. 2. Dose-dependent response of the four inducible bioluminescent strains to nenly phenol. The RBL is the relative biclumines-
cence value at 20 min post induction, (a) Response of DPD2794, sensitive to DNA damage, (b) DPD2540, sensitive to membrane
damage, (c) TV1061, sensitive to protein damage, and (d) DPD2511, sensitive to oxidative damage.
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Table 1. Summary of the maximum relative bioluminescence (RBL) at 20 min post induction for DPD2794, DPD2540, DPD2511
and TV1061, and the effective concentration giving a decrease of 20% bioluminescence (EC,;) at 20 min post induction for GC2 by
various toxic chemicals having estrogenic effects. The RBL_,, is the maximum RBL ratio at 20 min pest induction. EDC concentra-

tions were from 0.05 ppm to 300 ppm.

DPD2794
{recA:luxCDABEF)

DPD2540
(f2bA::luxCDABE)

(katG::luxCDABE)

TVi061 GC2
(grpE:luxCDABE)  (lac:luxCDABE)

DPD2511

Chemicals  concencration Concentration Concentration Concentration Concentraticn
giving the RBL,, givingthe RBL,  givingthe RBL , gvingthe RBL_  givingthe REL
RBL ., (mg/L) RBL,,, (mg/L) RBL_,, (mg/L) RBL,, (mg/L) EC,, (mg/L)
Nonyl phenol 10 1.97 10 2.78 1 1.27 10 4.69 10 08
Methy! bromide 2 2.81 2 6.01 0.25 1.38 2 114 1 0.8
Styrene 200 0.96 200 1.06 200 1.00 2 2.39 30 0.8
CdCl, 1.83 1.13 1.82 1.02 1.83 1.19 1.83 1.27 1.83 0.8
Bisphenol A 300 1.08 300 1.08 300 1.04 4 2.03 10 0.8
Methoxychlor 1 1.20 1 2.30 N.D. N.D. 1 1.58 N.D. N.D.
Ziram 0.01 4.65 0.01 1.08 N.D. N.D. N.D. N.D. N.D. ND.
Phathalate N.A. 1.10 N.A. 1.23 N.A. 1.03 N.A. 127 N.A, 1.0
DDT N.A. 1.50 N.A. 1.26 N.A. 1.60 N.A. 1.15 N.A. 1.0

N.D. : Not detected, N.A. : Not available

Table 1, five different strains did not show the response
ratio above two fold at the range of dosage from 0.05
ppm to 300 ppm of phathalate and DDT, thus had no
effect on any of the strains, which indicates that these
chemicals do not cause significant cellular toxicity in
the bacterial cells. In other words, these chemicals may
be classified as be truly estrogenic in their nature and
effect.

Determination of Cellular Toxicity Caused by EDCs

GC2, the constitutive bioluminescent bacterium, was
utilized to determine the critical concentration of the
various EDCs on cellular metabolism and growth. The
RBL (relative bioluminescence) is the ratio of the bio-
luminescence of the cells exposed to EDCs to that of
the control, and the effective concentration is defined
as decrease in the bioluminescence by 20% (EC,y), 20
min after induction by an EDC. The response of GC2
was similar to the specific response of the inducible bio-
luminescent bacteria. It was found that GC2 have EC,,
values for five kinds of EDCs shown in Table 1, indicat-
ing that EDCs do cause considerable cellular damage.
Also similar to the inducible strains, phathalate and
DDT were found to have no effect. Therefore, these
chemicals may be classified as truly estrogenic in their
nature and effect.

As shown in Table 1, when at least one inducible bio-
luminescent bacterium showed a specific response to an
EDC, it was often accompanied by cellular toxicity in
GCZ2. In all cases, the presence of cellular toxicity was
accompanied by a bioluminescent response in at least

one strain. On the other hand, if a decrease in biolumi-
nescence was not observed in GC2, no specific stress
response was seen in any of the four inducible biolumi-
nescent strains. Therefore, it was found that even
though many of the tested EDCs showed toxicity, few
have only an estrogenic effect.

Potential for Detection of EDCs Using a
Freeze-drying Method

A freeze-drying method was also used in this study,
the protocol of which was described previously [12].
Freeze-dried bacteria can easily be used on-site to de-
termine the toxicity of water samples. All data values
represent the values 20 min post induction, demon-
strating that this method is able ro measure the toxicity
samples in a shorter time as compared to cultures
grown in flasks [4]. Therefore, freeze-dried recombinant
bioluminescent bacteria can be used to detect the toxic-
ity of samples containing EDCs, which can be used to
classify the mechanism of a toxicant and identify the
effects cells experience in the field. This study demon-
strates the feasibility of using freeze-dried bacteria as
biosensors has been shown and their applicaticn of for
the monitoring of environmental toxicants in the field.

CONCLUSION

In this study, several endocrine disrupting chemicals
were tested with five freeze-dried recombinant biolu-
minescent bacteria, DPD2794 (recA::luxCDABE), DPD-
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2540 (fabA:luxCDABE), TV1061 (grpE:{uxCDABE),
DPD2511 (katG::luxCDABE), and GC {lac::luxCDABE)
to investigate the natures of its induced cellular stresses
and their toxicity. It was found that some known EDCs
do cause cellular stresses related to DNA damage, pro-
tein damage, oxidative damage, and membrane damage,
and that these modes of toxic action are determinable
through differences in the response kinetics of the four
different inducible bioluminescent bacteria. Detection
of EDCs was shown to be very specific and it was dem-
onstrated that the development of a detection method
for cellular stresses caused by EDCs using bacteria is
possible. In addition, the cellular toxicity caused by
EDCs was shown by measuring decreases in the level of
bioluminescence in the constitutive bioluminescent
bacterium, GC2. Throughout this study, it was found
that these five recombinant bioluminescent bacteria
could be used for the specific and quantitative analysis
of the toxic effect of EDCs, even though they do not
have the ability to detect estrogenic effects. We con-
clude that the detection methods described using re-
combinant bacteria are suitable for studying the cellular
mechanisms of toxicity EDCs. In addition, this study
shows that freeze-dried recombinant bacteria are able to
moniter the presence of such chemicals within practical
dosage ranges. Through this study, the feasibility of
using freeze-dried bacteria as biosensors has been
shown and their application for the monitoring of envi-
ronmental toxicants in the field,
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