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The structural gene encoding firefly luciferase from
hotinus pyralis is a widely used reporter both in

raditional monitoring of gene expression and in bac-
erial sensors. Its activity can be detected from living
ells (in vivo) without disruption or from cell-free ly-
ate (in vitro). We compared the two measurement
ethods by using an overall toxicity detecting strain
scherichia coli MC1061(pCSS810), a mercury-sensing
train E. coli MC1061(pTOO11), and two new arsenic
ensor strains MC1061(pTOO31) and AW3110(pTOO31)
hich were constructed for this study. Plasmid
TOO31 was constructed by inserting the ars pro-
oter and the arsR gene from plasmid R773 to control
refly luciferase gene expression. Both in vivo and in
itro methods correlated well with the strains tested
correlation coefficients R 5 0.99484 and 0.99834] and
ave highly comparable results with standard solu-
ions of arsenite or mercury ions and from six environ-
ental water samples spiked with the ions. Use of the

n vivo method resulted in lower variation between
eplicates of the same sample (CVs ranging from 3.9 to
.2%) and also between different samples (from 8.6 to
5.9%) compared to the in vitro method (CVs ranging
rom 8.6 to 17.8% for replicates and from 13.1 to 36.3%
or different samples). © 1999 Academic Press

Key Words: bioluminescence; heavy metal; arsenic
ons; luc; sensor bacteria.

Luminescence and fluorescence are emerging tech-
iques to measure gene expression in both a tradi-
ional sense (i.e., in the determination of the activity of

1 To whom correspondence should be addressed at Department of
iotechnology, University of Turku, Tykistökatu 6, 6th floor, FIN-

0520 Turku, Finland. Fax: 1358-2-3338050. E-mail: Matti.Karp@
tu.fi. t

003-2697/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
arious promoters under different physiological condi-
ions) and bacterial sensor use. The most often used
eporter gene with luminescence as a detected signal is
uc encoding firefly, Photinus pyralis, luciferase. This
uciferase gene can be expressed in a wide variety of
ost cells from prokaryotes (1) to plants (2) and mam-
alian cells [reviewed in (3) and (4)]. Close homologues

f firefly luciferase, luciferases from a click beetle Py-
ophorus plagiophthalamus, are capable of producing
ight of different colors ranging from green (wave-
ength maximum at 547 nm) to orange (593 nm) (5, 6)
nd the corresponding genes have been cloned (7). The
etection of both P. pyralis and P. plagiophthalamus
uciferases is possible without disruption of the cells
ecause the substrate of those enzymes, D-luciferin,
asses through cell membranes at acidic pH (8). An-
ther luminescence reporter gene system, luxAB en-
oding bacterial luciferase, is generally restricted to
acteria because the native enzyme consists of two
ifferent polypeptides [for a review see (9)]. The ex-
ression of the whole bacterial luciferase operon pro-
uces a self-luminescent cell without any additions
llowing thereby the real-time monitoring of gene ex-
ression, whereas the expression of only the luxA and
uxB genes that encode luciferase polypeptides re-
uires the externally added substrate (a long-chain
ldehyde) for luminescence. Yet another reporter,
reen fluorescent protein (GFP),2 has gained wide-
pread interest especially in studies concerned with
ocalization or timing of expression in eukaryotic cells
reviewed in (10)]. GFP can be detected in real time
ithout addition of any substrates due to its intrinsic
uorescent properties. The problem with GFP is the
ackground fluorescence of cells or any material
resent (such as plastics used) while excited.

2
 Abbreviations used: GFP, green fluorescent protein; R, correla-
ion coefficient; CV, coefficient of variation.
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192 TAURIAINEN ET AL.
Several whole-cell sensors carrying luciferase genes,
ither bacterial (11, 12) or firefly (13, 14), under the
ontrol of heavy-metal-responsive elements have been
escribed. These elements originate from microbes liv-
ng in contaminated soil or water. These microbes have
eveloped precise controlling mechanisms during evo-
ution for the detoxification and/or efflux of toxic metals
rom the cell [for an excellent recent review, see (15)].
hese microbial sensors commonly detect very low lev-
ls of metals or metalloids, down to attomole levels,
nd the metal detected must be bioavailable which is a
nique criterion that is very difficult or even impossi-
le to measure with the means of conventional analyt-
cal chemistry.

In this study, we compare the two methods of mea-
uring firefly luciferase activity in bacteria: direct real-
ime measurement of luminescence from living cells
nd measurement of luciferase activity from a cell-free
ysate. In principle, the use of a cell lysate (in vitro

ethod) could have advantage over use of living cells
in vivo method) because the reaction conditions are
ptimized in commercial luciferase assay reagents,
hich are available from several manufacturers. Fur-

hermore, the measured luminescence could correlate
etter with the amount of luciferase enzyme present
nside the cells using the in vitro method, because the
ell membrane forms a barrier for the luciferase sub-
trate, D-luciferin, and the luminescence could there-
ore be dependent more on the diffusion of luciferin
han on the amount of luciferase. On the other hand,
he contents of the cell provide all the necessary addi-
ional substrates and cofactors needed in a well-buff-
red and rather constant environment, which would
ean that the conditions for the luciferase reaction

emain relatively unchanged. The in vivo method does
ot require the purchase of expensive commercial re-
gents either and it also requires fewer pipetting steps
n practice.

As test bacteria we used one strain with constitutive
refly luciferase production and three metal-sensing
acteria equipped with inducible promoters, one re-
ponding to mercury (13) and the other two to arsenic
ompounds (constructed in this study). To compare the
n vivo and in vitro luciferase activity measurements
e used a recently described chemical disruption
ethod developed especially for Escherichia coli cells

16). To our knowledge this is the first time this kind of
irect comparison has been made despite the impor-
ance of the choice of method in both sensor bacteria
nd gene expression studies.

ATERIALS AND METHODS

acterial Strains and Plasmids

Bacterial strains and plasmid used in this study are

isted in Table 1. The sensor plasmid pTOO31 was con-

m
N

tructed by similar protocols described earlier for other
etal sensors (13, 14, 17). Standard recombinant DNA
ethods described previously (18) were used. In short,

rs regulatory region and adjacent regulator structural
ene (arsR) were amplified by polymerase chain reaction
19) from E. coli plasmid R773 (20) (GenBank Accession
o. X16045) using primers 59-ATATCTCGAGCAAGT-
ATCTCACCTACCTTAA-39 and 59-TTAAGGATCCCC-
CATCTTAAATACCTCGCATTT-39 (restriction sites for
hoI and BamHI shown in bold). PCR was carried out
sing Vent DNA polymerase from New England Biolabs
Beverly, MA). The PCR fragment and plasmid pCSS810
1) were digested with XhoI and BamHI and purified
sing agarose gel electrophoresis and a Qiagen gel ex-
raction kit (Hilden, Germany). They were ligated to-
ether using T4 DNA ligase and the ligation mixture was
lectroporated (21) into E. coli MC1061 cells. The correct
ransformants were selected by their ability to produce
uminescence that was induced by the addition of 1 mM
rsenite. The resulting plasmid, pTOO31, was purified
sing a Qiagen plasmid purification kit (Hilden, Ger-
any) and its structure confirmed by multiple restriction

nzyme digestion. Plasmid pTOO31 was also trans-
ormed into strain E. coli AW3110 which has a deletion in
ts chromosomal arsenite resistance operon (22) for test-
ng if the sensitivity of the sensor would be increased
ecause of the accumulation of arsenite ions inside cells.

ultivation of Cells

E. coli cells were cultivated overnight in 5 ml of LB
edium (10 g Bacto tryptone, 5 g yeast extract, 5 g

TABLE 1

Bacterial Strains and Plasmids

Strain or
plasmid Description Source

Strains (all Escherichia coli)

W3110 K12 F2 IN(rrnD-rrnE) Dars::cam (22)
C1061 araD139, D(ara-leu)7697, DlacX74,

galU, galK, hsdR2 (rK-mK), mcrB1.,
rpsL(strR), cI1

(25)

Plasmids

CSS810 E. coli–Bacillus subtilis shuttle vector,
T5 promoter–lac operator upstream
of the lucFF gene, kanamycin and
cloramphenicol resistances

(1)

TOO11 mer promoter and merR of transposon
Tn21 inserted into pCSS810
upstream of the lucFF gene

(13)

TOO31 ars promoter and arsR of R773
inserted into pCSS810 upstream of
the lucFF gene

This study
aCl, pH 7.0) (18) containing 30 mg/ml kanamycin at
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193LUCIFERASE MEASUREMENT IN VIVO AND IN VITRO
7°C. Main cultures were done by inoculating 0.5 ml of
he overnight culture into 50 ml of the same medium
nd grown at 37°C to an optical density of 0.8–1.2 at
00 nm. Cells were washed twice and suspended in the
riginal volume of M9 medium (18) containing 0.5%
asein hydrolysate. Cells were diluted in the same me-
ium one to a hundred, giving a final concentration of
bout 1 3 106 cells per measurement.

reeze-Drying of Cells

Cells were cultivated for freeze-drying in the same
ay as for direct measurements. Harvested cells were
ashed with and suspended in M9 medium containing
0% lactose. Freeze-drying was performed according to
tandard procedures (23, 24) in 200 ml or 1-ml aliquots
sing a Lyoflex 10 freeze-dryer (Edward’s, Crawley,
K). Cells were reconstituted by adding 200 ml or 1 ml

f distilled water, respectively, and luminescence mea-
urements were done as with fresh cells.

ysis of Cells

Lysis of E. coli cells was done using a 23 lysis buffer
hich had the following composition: 200 mM Tris–
Cl, pH 7.8; 64 mM NaH2PO4; 16 mM dithiothreitol;
6 mM CDTA (trans-1,2-diaminocyclohexane N,N,N9,
9-tetraacetic acid); 8% Triton X-100; 20% glycerol; 50
g/ml polymyxin b sulfate (16). This buffer was mixed
ith an equal amount of cells in M9 medium. The lysis
as practically instantaneous and there was no need

or centrifugation of cell debris for this application.

ctivity Measurement in Vitro

In vitro measurement of luciferase was performed
sing a commercial kit capable of measuring low levels
f insect luciferase activity [GenGlow kit supplied by
ioOrbit Oy (Turku, Finland)]. White 96-well plates
ere used and 20 ml of the lysed cells (corresponding to
pproximately 2 3 105 cells) was added per well. The
late was inserted into a Luminoskan luminometer
Labsystems Oy, Helsinki, Finland), the temperature
as stabilized to 30°C, and 100 ml of the GenGlow

eagent was added using the dispenser of the device.
he peak luminescence was measured for 5 s immedi-
tely after dispension.
The stability of luminescence in vitro after substrate

ddition was measured with strain MC1061(pTOO31):
fter the initial in vitro measurement with substrate
ddition, luminescence measurement was repeated
rom the same sample without further addition of sub-
trate at various time points up to 55 min.

ctivity Measurement in Vivo

In vivo luminescence was measured from an induc-

ion reaction mixture (containing 50 ml metal or oxy-

m
i

nion solution and 50 ml cells) by adding 100 ml of 1
M D-luciferin (BioOrbit Oy) in 100 mM Na–citrate

uffer, pH 5.0, with the dispenser of the luminometer.
uminescence was measured using a Luminoskan
late luminometer (Labsystems Oy) at 30°C. The reac-
ions were monitored as described above in activity
easurements in vitro.

omparison of in Vitro and in Vivo Measurements

Diluted MC1061(pCSS810), MC1061(pTOO11), and
C1061(pTOO31) cells were divided into two batches.
ne was measured for in vivo luminescence by the
ddition of D-luciferin in citrate buffer and the other
as lysed with lysis reagent. After lysis, the lysate was
easured for in vitro activity using GenGlow reagent.

tability Measurements of Luciferase in Cell Lysate

The stability of luciferase in cell lysate was mea-
ured using two E. coli strains, MC1061(pCSS810) and
C1061(pTOO31). MC1061(pTOO31) cells were in-

uced with two concentrations of sodium arsenite (0.1
nd 10 mM) for 90 min and cells were lysed thereafter,
hereas MC1061(pCSS810) cells were lysed immedi-
tely after cultivation. A 20-ml sample of the lysate was
mmediately assayed for luciferase produced as de-
cribed previously. Lysed cells were incubated at room
emperature and in vitro measurements were repeated
our times during an incubation period of 60 min.

nduction with Different Compounds

Metal and oxyanion dilutions or spiked water sam-
les were pipetted onto white 96-well Cliniplates (Lab-
ystems Oy) in a volume of 50 ml. The same volume of
iluted cells was added and plates were incubated for
0 min with strains MC1061(pTOO31) and AW3110
pTOO31) or 60 min with strain MC1061(pTOO11) at
0°C without shaking. Both stock solutions and dilu-
ions (from noninducing low nanomolar to highly toxic
illimolar concentrations) were done in commercial

oxic substance-free water (Pharmacia, Uppsala, Swe-
en). Metals and oxyanions used were NaAsO2,
a2HAsO4, FeSO4, Li2SO4, HgCl2, CdCl2, CuSO4,
oCl2, MnCl2, ZnCl2, SnCl2, NiCl2, C4H4KO7Sb, and
b(CH3COO)2. These compounds were purchased from
igma, Riedel-de Haën, Merck, Fluka, and J. T. Baker.
ll metals and metalloids were of analytical grade,
xcept C4H4KO7Sb, which was pure grade ($99%).

alculations of Induction Coefficients

Induction coefficients were calculated with the for-
ula I 5 L /L , where I is the induction coefficient, L
i b i

s the luminescence value from the sample, and Lb is
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194 TAURIAINEN ET AL.
he luminescence value from blank noninducing solu-
ion using Li and Lb from the same time point.

ater Samples

Six water samples from different sources were used
n order to test the reproducibility of the in vivo and in
itro methods under different reaction conditions. Wa-
er samples were spiked with different arsenite or mer-
ury concentrations and measured for inducibility with
trains MC1061(pTOO31), AW3110(pTOO31), and
C1061(pTOO11) and for toxicity with strain
C1061(pCSS810) as described above.
Samples were (i) well water from the countryside

aving some salt as contaminant, (ii) river water from
hich the local communal water is purified, (iii) brack-

sh seawater, (iv) tap water from our department, (v)
ap water from a small village having their communal
ater from a natural fountain, and (vi) well water from
n area which is expected to have a leak from brackish
eawater.

ESULTS

haracterization of Arsenic Sensor Strains

The ars regulatory region originating from E. coli
lasmid R773 was inserted in front of the firefly lucif-
rase gene (luc) and the resulting plasmid, pTOO31,
as transformed into E. coli strains MC1061 (25) and
W3110 (22). Induction conditions for luciferase pro-
uction were optimized using strain MC1061(pTOO31)
nd different arsenite dilutions were made in purified
ater. The best results were obtained with cells grown

o logarithmic phase. The variation of cell amount be-
ween 1 3 105 and 8 3 106 cells/assay and the pH value
etween 5.5 and 8.0 had no effect on sensitivity or
nduction coefficients. The time needed for maximal
nduction was 90 min (data not shown). The specificity
f sensor cells E. coli MC1061(pTOO31) to metals and

TABLE 2

Induction of Strain MC1061(pTOO31)
with Different Compounds

Inducing
compound

Range of
detection

Maximum
induction

Induction
coefficient

NaAsO2] 33 nM–1 mM 10 mM 45
Na2AsO4] 33 mM–33 mM 0.3–1 mM 35
C4H4KO7Sb] 100 nM–100 mM 10 mM 30
CdCl2] 10 mM–10 mM 100 mM–10 mM 10

Note. Solutions of compounds were made into commercial water
nd measured as described under Materials and Methods. The in-
uction coefficient, defined under Materials and Methods, is of max-
mum induction.
xyanions is shown in Table 2 (see also below, Fig. 2).
s
o

he results obtained by E. coli AW3110(pTOO31) were
ssentially similar to the results of MC1061(pTOO31).

reeze-Drying of Cells

The sensor strain used in this study maintained its
sability after freeze-drying. However, the induction co-
fficients and sensitivities were lowered. As an example,
he induction coefficient of strain MC1061 (pTOO31)
as reduced from 45 to 12 and the smallest arsenite

oncentration that caused induction of luminescence
as 1 mM, in contrast to fresh cells which were induced
lready with 33 nM arsenite. The lower induction co-
fficient and sensitivity could be compensated for by
econstituting freeze-dried cells and incubating them
vernight at room temperature in 5 ml of M9 medium,
ontaining 0.5% casein hydrolysate and kanamycin (30
g/ml) (data not shown). After the initial optimizations
ith freshly cultivated cells, evaluations were done
ith freeze-dried sensor cells. The following results are
btained with lyophilized bacteria.

tability of Luciferase in Cell Lysate

The stability of the firefly luciferase was measured
rom E. coli MC1061(pCSS810) lysate. Firefly lucif-
rase was 100% stable in the lysate during a 60-min
ncubation. The stability of firefly luciferase was simi-
ar with arsenic ion-specific strain MC1061(pTOO31)
data not shown).

omparison of in Vivo and in Vitro Measurements

Luminescence results from in vitro and in vivo as-
ays correlated well with each other with both
C1061(pCSS810) and MC1061(pTOO31) (Fig. 1). The

orrelation experiments resulted in R factors of
.99484 and 0.99834 for strains MC1061(pCSS810)
nd MC1061(pTOO31), respectively. The obvious
igher dynamic measurement range of the constitutive

ight-producing strain E. coli MC1061(pCSS810) is
olely due to a much higher absolute light emission
apacity over inducible strain MC1061(pTOO31). The
bsolute luminescence values obtained with MC1061
pTOO31) from the in vivo and in vitro measurements
ad some differences, in vivo being about 3 times
reater. The reason for this is partly because of the
ifferent assay protocols; the in vitro assay measures
0 times fewer cells. Despite this difference, it had no
ffect on sensitivity or induction coefficients of metal
ensor assays, which depend more on induction condi-
ions than measurement type.

The stability of in vitro luminescence after substrate
ddition was tested with strain MC1061(pTOO31). Both
ow and high concentrations of arsenite ions tested with
train MC1061(pTOO31) resulted in the same decay rate

f in vitro luminescence, about 1.5%/min (data not
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195LUCIFERASE MEASUREMENT IN VIVO AND IN VITRO
hown), which is a typical value for the GenGlow reagent,
ccording to the manufacturer. In vivo luminescence was
table between 20 and 90 min (data not shown).

ample Measurement

All water samples were tested for their overall tox-
city using strain E. coli MC1061(pCSS810) prior to

TABLE 3

Variations between Replicas Using the in Vivo
and in Vitro Methods

Strain

Inducer and
concentrations

used

In vivo
mean CV

(%)

In vitro
mean CV

(%)

C1061(pTOO31) Arsenite
(10 nM–1 mM)

3.90 13.73

W3110(pTOO31) Arsenite
(100 nM–100 mM)

2.29 15.51

C1061(pTOO11) Mercury
(100 pM–100 nM)

7.24 17.79

C1061(pCSS810) No induction 3.94 8.56

ean of mean CVs 4.34 13.90

Note. Mean of standard deviations (expressed as percentage of the
bsolute values of luminescence). Luminescence was measured as
resented under Materials and Methods using three replicas and
alues were calculated from mean values of used metal and metal-
oid concentrations. Strain MC1061(pCSS810) was used with both
rsenite and mercury, but this strain expresses constitutive lumi-

IG. 1. Correlation between in vivo and in vitro measurements.
orrelation measurements were done using two different E. coli
trains, the arsenite sensor strain MC1061(pTOO31) (circles, R 5
.99484) and an overall toxicity detector strain MC1061(pCSS810)
squares, R 5 0.99834). A dilution series of both cell types was done
n LB medium supplemented with kanamycin and measurements
ere done in vivo and in vitro. Values from dilution series of strain
. coli MC1061(pTOO31) represent those of a maximally induced
eries with 100 mM NaAsO2. Assay conditions are described under
aterials and Methods.
v
escence characteristics and metals cause only a toxic effect at high
oncentrations.
omparison of in vivo and in vitro methods. The differ-
nt samples had only minor effects on luminescence
ompared to the reference water; activities were from
9 to 111% (data not shown). Variations between rep-
icates in the in vitro method were clearly higher with
ll strains (Table 3). Furthermore, variations between
ifferent samples were higher with the in vitro mea-
urements than with the in vivo measurements (Fig. 2,
able 4 and Table 5).

ISCUSSION

The main interest of this study was comparison of
wo luciferase activity measurement methods: real-
ime analysis of gene expression from intact cells (in

IG. 2. Comparison of seven different water samples spiked with
rsenite and measured with E. coli strain MC1061(pTOO31). In vivo
easurement (A) and in vitro measurement (B) of spiked water

amples. The coefficient of variation (CV%) of mean luminescence
alues between different samples (open circles) is shown at right (y
xis) as percentage of luminescence value. Water samples were (solid
ymbols) well water (up-triangle and cross), river water (circle),
rackish water (down-triangle), tap water (diamond and plus), and
ommercial reference water (square). Cells and different concentra-
ions of arsenite ions diluted in different waters were incubated for
0 min and assayed for luminescence by in vivo and in vitro mea-
urement methods. Conditions of induction and measurements are
escribed under Materials and Methods.
ivo) and disrupted cells (in vitro) using commercially
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196 TAURIAINEN ET AL.
vailable reagents. To our knowledge published data
rom this kind of comparison do not exist. We used
onstitutively luciferase expressing E. coli strain
C1061(pCSS810) (1) and three metal-sensing

trains, a mercury sensor strain E. coli MC1061
pTOO11) (13) and two new arsenite sensor strains

C1061(pTOO31) and AW3110(pTOO31), constructed
or this study. The second interest of this study was to
haracterize the performance of the new arsenic sen-
ors.
The in vivo method possessed some obvious advan-

ages over the in vitro method. The greater variation
etween replicates in using the in vitro protocol (Table
) can be caused by the additional steps needed in cell
isruption and the viscous nature of the lysis reagent
nd lysed cells. Surprisingly, the variation between
ifferent environmental samples was also greater with
he in vitro method (Fig. 2, Table 4 and Table 5).
owever, it is likely that the composition of the sample
as a bigger effect on luminescence in the in vitro
ethod than in the in vivo method because the condi-

ions probably remain more constant inside the cells
nder these circumstances. Our results indicate that it

s not necessary to make assays in vitro; in fact, the in
ivo method for E. coli sensor cells can give more re-
roducible results with variable matrix materials such
s environmental samples.
We have also tested another insect luciferase, lucGR

f P. plagiophthalamus, with respect to stability of the
n vitro measurement conditions. For those cases
here the in vitro measurement is the method of

hoice, firefly luciferase proved to be a better reporter
ecause the enzyme is more stable in the lysate than
he click beetle luciferase (data not shown here). For
he click beetle luciferase, the in vivo method seemed
uch better, for example when different colors of light

TAB

Variation of Luminescence between Six Environmental S
and in Vivo Methods Using Arsenic Ion-

[NaAsO2] (M)

In vivo

Mean (RLU) SD (RLU)

0 9.84 0.845
1 3 1027 12.14 1.326
1 3 1026 40.49 4.358
1 3 1025 159.82 17.611
1 3 1024 169.44 28.037

ean of CVs

Note. Na–arsenite dilutions were made into different samples and
nder Materials and Methods. Mean values are calculated from lu
aters at mentioned arsenite concentrations. Corresponding SDs an
mission are used for calibrating the system against (
econdary matrix-associated effects such as nonspecific
oxicity.

The luminescence response as a function of number
f cells is directly linear over a wide range from 1 3 105

o 8 3 106 cells/assay with both measurement methods.
his makes assaying of the sensor strains possible with
ifferent types of devices capable of measuring lumi-
escence. In this study we used a microtiter plate-
eading luminometer equipped with dispensing sys-
ems which allows us to measure luminescence
mmediately using either peak or integration mode of

easurement. However, the sample transport to the
ssay position of a liquid scintillation counter takes
ome time and therefore the kinetics of luminescence
ust cope with the device. The decay of in vitro lumi-
escence is 1.5%/min which is sufficient for a rather
low-moving sample positioning line such as those en-
ountered in older scintillation counters or rack lumi-
ometers. On the other hand, the in vivo luminescence

s constant for several tens of minutes from the addi-
ion of substrate (our unpublished observations) so it
an be measured during an extended period of time.
The arsenic sensor strains constructed here, E. coli
C1061(pTOO31) and AW3110(pTOO31), proved to be

etter than our previously described arsenic sensor
train Staphylococcus aureus RN4220(pTOO21) (14),
hich was based on the arsenic resistance of plasmid
I258 of S. aureus. The earlier sensor was somewhat
ess sensitive toward arsenite and it could not detect
rsenate at all, in contrast to the sensor described here.
n addition, freeze-drying of the S. aureus sensor was
ot very successful and also the use of the human
athogenic bacterium S. aureus in field testing may be
uestionable. There were no clear differences in sensi-
ivity of detection between E. coli MC1061(pTOO31)
nd the arsenic ion-sensitive strain (22) AW3110

4

ples and Purified Water as Measured with the in Vitro
sitive Strain E. coli AW3110(pTOO31)

In vitro

(%) Mean (RLU) SD (RLU) CV (%)

8.59 10.90 3.556 32.62
0.92 11.53 3.378 29.29
0.76 37.80 6.830 18.07
1.02 171.50 25.174 14.68
6.55 238.57 56.590 23.72

1.57 23.68

cubations and luminescence measurements were done as described
escence values (in relative light units, RLU) of all seven different
Vs represent variations between samples.
LE

am
Sen

CV

1
1
1
1

1

in
pTOO31). One of our important goals in generating
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197LUCIFERASE MEASUREMENT IN VIVO AND IN VITRO
pecific sensors for heavy metals is to apply them for
eld use to be able to rapidly evaluate possible spills
irectly in a critical measurement place. The field use
f sensor bacteria is more convenient with lyophilized
acteria that can be used as a reagent with no need of
ultivation of cells before measurements. The usage of
yophilized cells also reduces day to day variation of
esults. Here we have shown that the in vivo measure-
ent gives more accurate and reliable results than the

n vitro method. This is especially relevant in field use
here complicated extraction/measurement protocols
re not possible.
The advantage of insect luciferases as reporter genes

s the low background due to lack of endogenous lumi-
escence in the cells that are commonly used. The
ubstrate for insect luciferase, D-luciferin, penetrates
embranes only in its protonated form, i.e., under

cidic conditions. Usually pH 5.0 is used but there are
ome differences concerning the optimal pH since for
xample the optimal pH value for recombinant Strep-
ococcus mutans is 6.0 rather than 5.0 (26). After all,
he measurement of bioluminescence from whole cells
an be performed in vivo, obtaining a measurable sig-
al, which follows dose response with regard to analyte
inducer) concentration and cell count.

Use of GFP as a reporter gene is rapidly increasing
artly due to various mutants of green fluorescent pro-
ein (10, 27) that have been introduced recently. De-
ection of GFP is possible without disruption of cells
hich allows real-time monitoring. Furthermore, GFP
oes not participate in any reaction in the cell since it
s not an enzyme, which means that it does not disturb
ell metabolism. However, it must be noted that insect
uciferase participates in cell metabolism only when its
ubstrate is externally added. Therefore, insect lucif-
rase does not disturb the metabolism of sensor cells
uring the sensing reaction (induction of luciferase
ynthesis) as long as D-luciferin is not added, so the

TAB

Variation of Luminescence between Six Environmental S
and in Vivo Methods Using S

[HgCl2] (M)

In vivo

Mean (RLU) SD (RLU)

0 10.80 1.086
1 3 10210 13.50 3.493
1 3 1028 230.98 33.558
1 3 1027 534.48 129.94

ean of CVs

Note. Mercury dilutions were made into different samples and incu
aterials and Methods. Mean values are calculated from lumin

oncentrations. Corresponding SDs and CVs represent variations be
ituation is similar with GFP. Luciferases have the
dvantage of being virtually free of background,
hereas there is considerable background fluorescence
hen any type of cells are exposed to excitation signal.

n addition, GFP is a very stable protein, which means
hat it accumulates inside the cells and thereby causes
levation of the background and makes following dy-
amic gene expression problematic, although that
roblem can be alleviated by using unstable variants of
FP (28). These facts presented above apply to both

raditional monitoring of gene expression and the use
f these reporter genes in sensor bacteria.
So far there has not been adequate data on how

eal-time analysis of gene expression in microbial cells
in vivo) is comparable to the results obtained by first
isrupting the bacteria and then measuring luciferase
ctivity by adding commercial measurement solution
ontaining ATP, D-luciferin, and some cofactors that
tabilize luciferase enzyme (in vitro). Our results
learly indicate that a good correlation exists between
he two methods and therefore both assay methods can
e utilized for analysis of insect luciferase reporter
ene activity when E. coli is used as a host organism. It
emains to be seen whether a similar in vivo approach
s useful also for other types of cells once an optimal
ysis reagent is applied. For mammalian cells several
ommercial protocols/reagents exist for quantitative
ell lysis and analysis of firefly luciferase produced.
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