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Abstract

An automated continuous toxicity test system was developed using a recombinant bioluminescent freshwater bacterium. The groundwater-
borne bacterium,Janthinobacterium lividum YH9-RC, was modified withluxAB and optimized for toxicity tests using different kinds of organic
carbon compounds and heavy metals.luxAB-marked YH9-RC cells were much more sensitive (average 7.3–8.6 times) to chemicals used for
toxicity detection than marineVibrio fischeri cells used in the Microtox® assay. Toxicity tests for wastewater samples using the YH9-RC-based
toxicity assay showed that EC50-5 min values in an untreated raw wastewater sample (23.9± 12.8%) were the lowest, while those in an effluent
sample (76.7± 14.9%) were the highest. Lyophilization conditions were optimized in 384-multiwell plates containing bioluminescent bacteria
that were pre-incubated for 15 min in 0.16 M of trehalose prior to freeze–drying, increasing the recovery of bioluminescence and viability
by 50%. Luminously modified cells exposed to continuous phenol or wastewater stream showed a rapid decrease in bioluminescence, which
fell below detectable range within 1 min. An advanced toxicity test system, featuring automated real-time toxicity monitoring and alerting
functions, was designed and finely tuned. This novel continuous toxicity test system can be used for real-time biomonitoring of water toxicity,
and can potentially be used as a biological early warning system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous and rapid detection of environmental toxic-
ity caused by hazardous materials is of great value for con-
serving natural ecosystems and protecting human health.
Many biological early warning systems (BEWS;Kramer and
Botterweg, 1991; van der Schalie et al., 2001) have been de-
veloped to monitor physiological responses of whole organ-
isms such as fish, protozoa, and algae to toxic chemicals in
wastewater and soils (van Hoof et al., 1994; Borcherding and
Jantz, 1997; Gerhardt et al., 1998; Pardos et al., 1999; van
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der Schalie et al., 2001). Most of these tests, however, require
long-term observation and time-consuming propagation of
test organisms. As contrasted with higher organism-based
BEWS, biosensors and toxicity evaluation systems based on
microorganisms have been widely used in acute toxicity tests
because they are easy to use, non-invasive, costing little,
rapid and reproducible, and have a statistical advantage due
to the large number of bacteria used (seeD’Souza, 2001).

Microbial toxicity test systems employing whole cell bi-
oluminescence are generally categorized into two systems
based on physiological response of luminescent bacteria to
toxic chemicals, luminescence emission or reduction. The
microorganisms that emit luminescence when they are ex-
posed to toxic chemicals are genetically produced with a
plasmid coding for luciferase genes (luxAB or luxCDABE;
de Lorenzo et al., 1990; Flemming et al., 1994; Van Dyk
et al., 1994) and a promoter for specific chemicals (e.g.nahG
for naphthalene and analogues;Heitzer et al., 1994), or a
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stress promoter such asgrpE, dnaK, and recA (Van Dyk
et al., 1994; Belkin et al., 1997; Gu et al., 1999). In this sys-
tem, the genetic control mechanism synthesizes luciferase
through the induction of a promoter triggered by chemicals,
leading to an increase in luminescence emission. However,
because a specific promoter responds only to specific chem-
icals, a single bacterium harboring a specific promoter can-
not be used to detect the broad range of toxic substances
found in natural environments.

Systems that respond to toxicity through bioluminescence
reduction employ the marine bacteriumVibrio fischeri. The
Microtox® system, which usesV. fischeri as a toxicity test
organism, has been commercialized and is widely used as
a toxicity test system (Munkittrick et al., 1991; Gustavson
et al., 1998; Salizzato et al., 1998; Pardos et al., 1999). Al-
though the Microtox® assay has been shown to be rapid,
reproducible, and sensitive to a wide range of inorganic and
organic chemicals, the use of a marine bacterium has some
shortcomings for applications in freshwater environments.
It has been shown, for example, that salinity values over 2%
NaCl in the Microtox® assay alter the mode of binding of
chemicals toV. fischeri cells (Sinclair et al., 1999), which
may distort toxicity results. The Microtox® assay was also
shown to be less sensitive than an assay using aquatic in-
vertebrates in toxicity tests for wastewater effluents (Calleja
et al., 1994). A toxicity measurement system based on lumi-
nously modified terrestrial bacteria would, therefore, have
a broader range of applications than the Microtox® system,
incorporating freshwater, wastewater, soil, and groundwater
environments. If the system offers continuous and real-time
information on toxicity levels in a given environment, lumi-
nously modified terrestrial bacteria can be used as BEWS to
monitor water quality.

The main purpose of this study, therefore, is to de-
velop an advanced continuous toxicity test system by
employing a lux-marked terrestrial bacterium. Initially,
a freshwater-borne bacterium, which is very sensitive to
organic substances and heavy metals, was isolated and lu-
minously modified usingluxAB. We have also developed
a working system for BEWS that consists of three com-
partments: 384-multiwell plates containing freeze–dried
luminescent bacteria; instrumentation for continuous mea-
surements of bioluminescence; and application software
(BactoTox®), which is capable of real-time monitoring of
toxicity and telecommunications for alarming. The condi-
tions for toxicity tests and freeze–drying were finely tuned,
and the system was monitored using model toxic chemicals
in a continuous manner.

2. Materials and methods

2.1. Construction of a bioluminescent strain

An oligotrophic bacterium,Janthinobacterium lividum
YH9, was isolated from a groundwater sample used for

natural mineral water on R2A (Reasoner and Geldreich,
1985) plates. Rifampicin-resistant YH9-R was generated by
spontaneous mutation from the wild type. For the genera-
tion of luxAB-tagged YH9-R,Escherichia coli S17-1 (�pir)
was electroporated with pUTluxAB [mini-Tn5 harboring
plasmid derived fromE. coli CC118 (�pir) pUTluxAB, a
gift from Timmis (de Lorenzo et al., 1990)], and selected on
Luria–Bertani (LB) agar supplemented with 12.5�g ml−1

tetracycline. YH9-RluxAB (RifR TcR) was obtained by
matingE. coli S17-1 (�pir) pUTluxAB (TcR) with YH9-R
(RifR) using the filter conjugation method (Herrero et al.,
1990; Cho and Kim, 1999). Exconjugants, marked with
luxAB by insertion of the hybrid transposon mini-Tn5
luxAB, were obtained by spreading the cell suspension on
R2A medium supplemented with 50 and 12.5�g ml−1 of ri-
fampicin and tetracycline, respectively. A clone showing the
highest relative light unit (RLU), designated as YH9-RC,
was chosen among the exconjugants and used throughout
the study.

2.2. Chemicals and wastewater samples

Chemical standards, including heavy metals and organic
chemicals, were analytical grade and were used without fur-
ther purification. All chemicals were purchased from the
Aldrich. Wastewater samples were collected from a food
industry plant located at Cheongju, Korea. Untreated raw
wastewater, a wastewater sample from an aerobic treatment
plant, and an effluent sample were collected. The basic envi-
ronmental parameters of the wastewater samples including
COD, ammonium-N, nitrite-N, nitrate-N, phenol, cyanide,
cobalt, and lead concentrations were measured by proce-
dures previously described (APHA, 1995).

2.3. Toxicity test

Toxicity tests were performed with two luminescent bac-
teria, luxAB-marked YH9-RC andV. fischeri. V. fischeri
was used as a reference strain in order to compare the
sensitivity of YH9-RC-based toxicity test with the con-
ventional Microtox® assay (V. fischeri toxicity test). The
luxAB-marked YH9-RC cells were grown in R2A broth on
an orbital shaker at 200 rpm at 30◦C until early-exponential
phase (OD600 = 0.2) andV. fischeri cells were grown in LB
broth containing 2.5% NaCl at 25◦C until early-exponential
phase. Each test sample was added to bacterial suspensions
and incubated for 5, 15 (or 10), and 30 min prior to lu-
minescence measurement. As theluxAB-marked YH9-RC
cells lack the genes for synthesis of the luciferase substrate,
n-decyl aldehyde was added to test tubes at a final con-
centration of 0.013%. In the case of theV. fischeri-based
toxicity test system, all test solutions were adjusted to a
final concentrations of 20‰ of salinity using NaCl. Biolu-
minescence was measured using a luminometer (TD-20/20,
Turner designs, CA, USA). The toxicity test results were
expressed as EC50, defined as the effective concentration or
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percentage of a sample that causes 50% reduction of biolu-
minescence. The values of average and standard deviation
were obtained from at least triplicate measurements.

2.4. Generation of 384-multiwell plate containing
lyophilized cells

The 384-multiwell plates as cartridges for supplying lu-
minescent bacteria were made using lyophilized YH9-RC
cells supplemented with trehalose as a cryo-protective
agent. YH9-RC cells were grown in 50 ml of R2A broth
until mid-exponential phase. To optimize freeze–drying
conditions, two approaches were performed; one was that
trehalose was supplemented to final culture broths imme-
diately before freeze–drying. The other was that trehalose
was added to growing culture broths, and cell cultures
were subsequently incubated for 15 min. Trehalose con-
centrations added to culture broths were 0, 0.08, 0.16, and
0.32 M. In each case, 30�l of cultures was loaded in each
well of 384-multiwell plates and the plates were rapidly
frozen in liquid nitrogen for 5 min. Frozen samples were
dried on a freeze–drier (compact freeze–dryers FD1.0, Heto
Lab. Equipment, Denmark) for 4 h. To determine the sur-
vival rate of cells and bioluminescence reduction during
freeze–drying, lyophilized cells were rehydrated with 30�l
of R2A broth. Bioluminescence was measured by a lumi-
nometer and survival of lyophilized cells was determined
by measuring the number of colony forming units (CFU)
on R2A agar. Bioluminescence and number of CFU were
measured in triplicate.

2.5. Instrumentation

A schematic diagram of the automated and continuous
toxicity test system developed in this study is shown in
Fig. 1, and a brief description of the system is given here.
Full details, including robot arms for stage transport, elec-
tronic circuit diagrams, pumping apparatus, and the software

Fig. 1. Schematic diagram of an automated continuous toxicity test system using the luminously modified YH9-RC cells. P, photomultiplier (PMT)
sensor; S, syringe; W, water sample; A,n-decyl aldehyde; D, distilled water.

BactoTox® are being processed for a patent. The system was
built with a sample supplier, solution dispenser compart-
ment, 384-multiwell cartridge storage tray, cartridge-loading
compartment, PMT sensor, PMT sensor-transporting com-
partment, temperature controller, multi-controller compart-
ment including RS232C serial port, and an IBM computer
for data acquisition using the BactoTox® software. Lu-
minously modified strain YH9-RC was lyophilized in
384-multiwell plates as described inSection 2.4, and plates
were tightly sealed with a transparent plastic film and placed
in the multiwell cartridge storage tray. The PMT sensor
measured bioluminescence in each well, and data was trans-
mitted to a PC running BactoTox® program via a RS232C
serial port. The BactoTox® software, which has features for
on-line monitoring of toxicity and alerting functions, was
developed using Visual Basic software.

2.6. Real-time toxicity monitoring

Continuous toxicity tests were performed with the system
developed in this study. Three different concentrations of
phenol (5, 25, 100 mg l−1) and an untreated raw wastewater
sample obtained from a food industry plant (seeSection 2.2)
were used for toxicity tests. Toxicity monitoring was per-
formed on 40 wells in a 384-multiwell plate at 5 min inter-
val. After 30�l of sample was pumped into a reaction well,
freeze–dried cells were rehydrated. Thereafter,n-decyl alde-
hyde was added into a reaction well, and bioluminescence
was subsequently measured automatically. In case of contin-
uous toxicity test for phenol, 37 wells were used as control
wells (no toxicity) and the remaining three wells were used
as acute toxicity test wells. Initially, 5, 25, and 100 of mg l−1

of phenol were pumped into the 8th well (35 min), 16th
well (75 min), and 32nd well (155 min), respectively. Simi-
larly, 30 and 100% of the wastewater sample were pumped
into the 12th well (55 min) and 24th well (115 min), respec-
tively. All bioluminescence data were monitored through the
BactoTox® software.
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Table 1
Toxicity values (EC50) of various chemicals obtained by usingluxAB-marked YH9-RC andV. fischeri

Chemical EC50 (mg l−1)a

5 min 15 min 30 min

V. fischeri YH9-RC V. fischeri YH9-RC V. fischeri YH9-RC

Phenol 138.8± 33.6b 26.5 ± 3.8 114.4± 33.0 12.0± 2.1 112.9± 52.1 12.7± 2.1
Benzene 74.3± 6.2 75.2± 5.9 104.7± 17.9 50.9± 5.8 105.6± 10.8 35.1± 4.6
Toluene 82.5± 9.8 5.6± 2.4 90.6± 8.9 5.7± 1.8 116.2± 12.7 6.3± 1.1
Cu 31.1± 13.9 10.1± 2.1 37.1± 7.8 9.5± 1.5 36.0± 14.6 10.5± 1.9
Al 16.1 ± 1.2 0.9± 0.3 15.4± 2.3 0.8± 0.4 16.5± 2.2 0.8± 0.3
As 25.2± 5.2 28.4± 2.7 16.5± 3.7 9.3± 1.6 18.8± 3.6 4.3± 1.2
Cd 22.2± 2.4 4.6± 1.3 21.7± 2.9 1.8± 0.4 21.8± 2.2 1.1± 0.3
Co 20.5± 3.5 1.1± 0.3 16.9± 3.2 1.8± 0.7 12.5± 1.1 1.9± 0.8
Cr(VI) 18.9 ± 2.3 5.9± 1.8 17.2± 2.4 7.5± 2.2 17.5± 1.9 6.3± 1.5
Fe 15.9± 1.8 6.7± 0.9 16.5± 0.9 9.2± 2.5 13.1± 1.4 11.0± 1.8
Hg 1.6 ± 0.6 0.3± 0.2 0.8± 0.5 0.2± 0.2 0.8± 0.2 0.2± 0.1
Zn 13.3± 1.5 1.3± 0.5 12.8± 1.3 1.3± 0.7 13.4± 1.9 1.3± 0.5

a Effective concentrations of a sample that causes 50% reduction of the luminescence emitted.
b Average± S.D. (standard deviation); average values were obtained from at least triplicate measurements.

3. Results and discussion

3.1. Sensitivity of luminescent strain YH9-RC to chemicals

Toxicity test results using three organic chemicals and
nine heavy metals are represented as EC50 values inTable 1.
The luminously modified terrestrial luminescent bacterium,
YH9-RC, showed higher sensitivity to chemicals tested than
marineV. fischeri. Comparison of the toxicity assay based on
luxAB-marked YH9-RC to the Microtox® (V. fischeri assay)
showed that EC50 values for the YH9-RC-based toxicity
test were significantly lower than those obtained using the
Microtox® assay (P < 0.01,t-test). The ratio of EC50-5 min,
EC50-15 min, EC50-30 min between the two toxicity assays
ranged from 0.9 to 18.6 (average; 7.3), 1.8 to 19.3 (average;
7.6), and 1.2 to 20.6 (average; 8.6), respectively. Among the
organic chemicals tested, the EC50-30 min value for toluene
in the YH9-RC-based toxicity assay was 18.4 times lower
than V. fischeri assay. Similarly, the EC50-5 min values of
aluminum, cobalt, and zinc were 17.9, 18.6, and 10.2 times
lower thanV. fischeri assay, respectively.

We used freshly culturedV. fischeri as a test bacterium
for the Microtox® assay instead of lyophilizedV. fischeri.
In our results, the EC50 value for phenol in freshly cultured
V. fischeri was not significantly different from lyophilized
V. fischeri (P > 0.6, t-test; data not shown). Although we
did not use the original Microtox® assay in this study, it
was apparent that the YH9-RC-based assay was more sen-
sitive to the chemicals studied than the Microtox® assay,
indicating that YH9-RC can be used to test the toxicity of
samples containing very low concentrations of toxic chemi-
cals.Boyd et al. (1997)used aluxAB insert inPseudomonas
fluorescens to measure toxicity of groundwater samples.
This study indicated that the sensitivity of theP. fluo-
rescens assay was nearly the same as that of the Microtox®

assay, when used to analyze contaminated groundwater
samples.

J. lividum YH9 was isolated as a test bacterium from the
groundwater, which was being used for natural mineral wa-
ter.J. lividum is a very common species found in groundwa-
ter (Cho and Kim, 2000). Because the transport of organic
or inorganic chemicals from surface soil to groundwater is
very limited, there is little chance for bacteria in pristine
groundwater to come into contact with toxic chemicals. This
may be the reason why YH9-RC showed high sensitivity to
the chemicals assayed.

3.2. Toxicity test in wastewater samples

The acute toxicity system developed in this study was
applied to evaluate its ability to measure wastewater toxi-
city, including raw wastewater, aerobic treatment tank, and
effluent samples. Resulting EC50 values (as percentage val-
ues) are represented inTable 2. The EC50 values in the un-
treated raw wastewater sample were the lowest, while those
in the effluent were the highest. This study suggests that
luxAB-marked bacterium YH9-RC can be used to bioas-
say the ecotoxicity of wastewater and effluent samples con-
taminated with COD compounds. Higher concentrations of
COD in wastewater samples resulted in lower EC50 values
(Table 2). A comparison of EC50 values and chemical anal-
ysis data indicated that there was no correlation between
EC50 values, inorganic nitrogen compounds, and heavy met-
als. The concentrations of lead and cobalt in wastewater
samples were not significantly different, and the concentra-
tions of phenol were highest in the raw wastewater sam-
ple. The existence of relatively high concentrations of phe-
nol and COD compounds in the raw wastewater sample
may be responsible for the higher toxicity readings associ-
ated with these samples. However, the wastewater samples
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Table 2
Toxicity values (EC50) obtained usingluxAB-marked YH9-RC, and chemical concentrations of wastewater samples collected from a food industry plant

Wastewater
samples

EC50 (%)a COD
(mg l−1)

Phenol
(mg l−1)

NH4
+–N

(mg l−1)
NO2

−–N
(mg l−1)

NO3
−–N

(mg l−1)
CN−
(mg l−1)

Pb
(mg l−1)

Co
(mg l−1)

Cd
(mg l−1)

5 min 10 min 30 min

Raw wastewater 23.9± 12.8b 23.3 ± 12.3 38.5± 18.1 29,900 3.99 26.3 30 17.0 0.062 0.36 0.58 0.009
Aeration tank 45.5± 9.8 31.8± 7.9 39.3± 12.3 1,333 0.02 191.0 NDc 64.0 ND 0.18 0.38 ND
Effluents 76.7± 14.9 57.9± 10.7 50.5± 10.8 294 0.06 166.5 ND 122.5 0.089 0.15 0.8 ND

a Effective dilution ratio of a sample that causes 50% reduction of the luminescence emitted by YH9-RC.
b Average± standard deviation (S.D.); average values were obtained from at least triplicate measurements.
c ND, not detected.

contained a mixture of compounds; for this reason, syner-
getic, antagonistic, and additive modes of toxic action should
be considered (Thomulka et al., 1993; Sixt et al., 1995). Fur-
ther studies such as toxicity identification evaluation (TIE)
procedures (USEPA, 1991) are necessary to identify which
toxicants are responsible for the high toxicity observed in
wastewater samples. Additional environmental samples and
effluents are also required to evaluate the application of this
acute toxicity test system to natural environments.

3.3. Optimization of freeze–drying conditions

Although freeze–drying has often been used for long-term
preservation of microorganisms, we have found that
freeze–drying of luminescent bacteria results in decreased
luminescence and viability. To minimize reduction of lumi-
nescence and cell viability during freeze–drying, concen-
trations of the cryo-protective agent trehalose (Leslie et al.,
1995) were optimized (Fig. 2). YH9-RC cells lyophilized
without trehalose addition showed a 9.8–12.1% survival
rate. The supplement of 0.16 M of trehalose into cell cul-
tures immediately before freeze–drying restored 26.9% of
bioluminescence and 27.7% of cell viability (Fig. 2A). An
additional 15 min incubation step prior to freeze–drying
showed a 48.7% increase in bioluminescence and a 54.1%
increase in culturability (Fig. 2B). The EC50 value for cad-
mium measured using non-lyophilized YH9-RC cells in
10 replicates was 2.4± 0.99 mg l−1 and the corresponding
value measured using lyophilized YH9-RC cells treated
with trehalose was 2.5± 1.62 mg l−1 (data not shown).
As the difference in EC50 values for cadmium between
non-lyophilized cells and lyophilized cells was insignifi-
cant (P > 0.5, t-test), it was postulated that the capacity
of YH9-RC cells to measure EC50 values was not altered
during the freeze–drying process.

3.4. Real-time toxicity monitoring under laboratory
conditions

The developed continuous toxicity test system was op-
erated using a 384-multiwell plate containing luminescent
YH9-RC cells, with different concentrations of toxicants
(phenol and wastewater) added in pulses to specific monitor-
ing wells. The response of bioluminescence to the addition

of phenol (5, 25, 100 mg l−1), raw wastewater from a food
factory (30 and 100%), and distilled water as a control are
shown inFig. 3. The average RLU and percentage coeffi-
cient of variation (%CV) obtained from the control wells
(distilled water) in a plate where phenol was subjected to the
specific wells were 3493.3 and 1.99%, respectively. In wells
where wastewater samples were added in a pulse, the aver-
age RLU and %CV from the control wells were 3208.4 and
2.19%, respectively. Therefore, the variations of RLU in the
control wells could be regarded as negligible. When 5, 25,
and 100 mg l−1 of phenol flowed into the wells, 3103, 1894,
and 25 RLU values were observed, respectively. Similarly,

Fig. 2. Recovery of YH9-RC cells expressed as bioluminescence (RLU
(�)) and heterotrophic plate counts (HPC (�)) after freeze–drying in
trehalose. (A) Trehalose was added into cell cultures immediately before
freeze–drying and (B) trehalose was added into culture broths and cell
cultures were subsequently incubated for 15 min. Note the differences in
scale on they-axis between (A) and (B). Error bars; standard deviation.
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Fig. 3. Real-time bioluminescence signals responding to different con-
centrations of phenol (�) and a wastewater sample (�), subjected to the
toxicity test system in a pulse. Phenol stream (5, 25, and 100 mg l−1)
was pumped into the 8th well (35 min), 16th well (75 min), and 32th well
(155 min), respectively. Wastewater sample stream (30 and 100%) was
pumped into the 12th well (55 min) and 24th well (115 min), respectively.

when 30 and 100% of wastewater samples flowed into the
wells, 1250 and 15 RLU values were measured, respectively.

Chun et al. (1996)designed a flow-through cell with im-
mobilized Photobacterium phosphoreum and continuously
monitored the toxicity of 4-nitrophenol and salicylate. In
their study, bioluminescence of immobilizedP. phospho-
reum decreased with a short time lag when the cells were
exposed to toxicants, and bioluminescence was recovered
rapidly when the feed was switched from the toxicant to a
maintenance medium. In addition, the recovered biolumines-
cence decreased rapidly when the cells were continuously
maintained in the medium. In contrast, our study showed
neither a lag period nor a decrease in bioluminescence. Since
our study used lyophilized cells in a physiologically equal
state, there is little possibility of showing a time lag when
the cells encounter toxicants or a decrease in biolumines-
cence when the cells encounter non-toxic samples.

4. Conclusions

The main function of the toxicity test system developed
in this study is to monitor the toxicity of samples automati-
cally and continuously without an operator. The system can
be equipped with twelve 384-multiwell plates, which can be
maintained for a month without operator intervention if tox-
icity tests are performed at 10 min intervals. Although bio-
luminescence decreased up to 20% of the initial value after
storing lyophilized cells for 1 month, the bioluminescence
after 1 month was high enough to measure EC50 values of
various chemicals and wastewater. When water samples are

pumped from rivers, streams, or effluents, the solution dis-
penser compartment starts to dispense water samples and
n-decyl aldehyde into a well containing luminescent bacte-
ria. After incubating for 30 s at 25◦C, a PMT sensor starts
to measure the luminescence emitted from each well; there-
after, the ADC compartment converts analog values derived
from the PMT sensor to digital signals, and an RS232C se-
rial port transmits the digital values to the BactoTox® soft-
ware. The major functions of the BactoTox® software are to
transform bioluminescence values into the predefined data
structure for on-line monitoring, to raise the alarm in the
event of high toxicity, and to communicate with the main
server through a network.

The results reported in this study indicate that theluxAB-
markedJ. lividum YH9-RC bioassay employing a fresh-
water bacterium was more sensitive, in terms of toxicity
detection, than the Microtox® bioassay using a marine
bacterium. A mechanically and electronically developed
toxicity test system based on optimized trehalose-assisted
freeze–drying conditions and the construction of 384-multi-
well plates could measure the toxicity of various chemicals
and wastewater samples in a continuous manner. This work
finally suggests that the simple, fast, cost-effective, auto-
matic, and continuous toxicity test system we developed
is suited for real-time biomonitoring of water toxicity, and
thus can be used as a biological early warning system in
the future.
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