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Abstract

A sensor plasmid was constructed by inserting the regulation unit froncatl& determinant of plasmid pl258 to control the
expression of firefly luciferase. The resulting sensor plasmid pTOO24 is capable of replicating in Gram-positive and Gram-negative
bacteria. The expression of the reporter gene as a function of added extracellular heavy metals was Stapbglotoccus aureus
strain RN4220 andacillus subtilisstrain BR151. Strain RN4220(pTO024) mainly responded to cadmium, lead and antimony, the
lowest detectable concentrations being 10 nM, 33 nM and 1 nM respectively. Strain BR151(pTO024) responded to cadmium, anti-
mony, zinc and tin at concentrations starting from 3.3 nM, 33 nidML.and 100uM, respectively. The luminescence ratios between
induced and uninduced cells, the induction coefficients, of strains RN4220(pTO024) and BR151(pTO024) were 23-50 and about
5, respectively. These results were obtained with only 2-3 h incubation times. Freeze-drying of the sensor strains had only moderate
effects on the performance with respect to sensitivity or induction coefficient998 Elsevier Science S.A. All rights reserved.
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1. Introduction (Corbisier et al., 1993; Scott et al., 1997; Tauriainen et
al., 1997), which codes for the resistance to arsenic and
Some heavy metals, such as nickel, cobalt and zinc,antimony and theadA operon (Corbisier et al., 1993),
are essential to micro-organisms as trace nutrients, inwhich codes for the resistance to cadmium, zinc (Novick
contrast to others such as cadmium and lead, which haveand Roth, 1968; Yoon and Silver, 1991) and possibly
no known beneficial roles (Nies, 1992). However, all also for the resistance to lead and bismuth (Novick et al.,
heavy metals are toxic in micro- or millimolar concen- 1979; Smith and Novick, 1972). The cadmium resistance
trations. Yet certain bacteria are capable of growing in operon from Staphylococcus aureuglasmid pl258,
metal contaminated areas. These bacteria are usuall}cadA consists of two genes: theadA and thecadC
adapted to the presence of toxic metal by genetically (Nucifora et al., 1989; Yoon and Silver, 1991). Té¢edC
encoded resistance mechanisms, the expression of whiclyene encodes for the regulatory protein (Endo and Sil-
is precisely regulated. The resistance mechanismver, 1995) and theadA gene for an energy-dependent
towards many toxic metals, including cadmium, works ion pump (Nucifora et al., 1989), which is responsible
by the exclusion of metals by an energy-dependent pumpfor the cadmium efflux from the cells.
in the cell membrane. The precise regulation of the Luciferases are a group of heterogeneous enzymes
resistance gene expression has been utilized in the conwith the ability to produce light as a byproduct of their
struction of specific sensor bacteria, in which the regulat- catalyzed reactions. The firefly luciferaskicfFF) is
ory element is connected to control the expression of awidely used as a reporter gene in prokaryotic as well as
reporter gene. Operons that have been utilized include,in eukaryotic systems because it can provide sensitive
for example, themer operon (Selifonova et al., 1993; and simple detection of gene expression and regulation.
Tescione and Belfort, 1993; Virta et al., 1995), which The quantification of light emission, i.e. biolumin-
codes for the resistance towards mercury,afeoperon escence, is one of the most sensitive means of detection
and can be measured with a liquid scintillation counter,
a luminometer or even with X-ray film.
* Corresponding author. Phone: 358-2-3338085; Fax+ 358-2- We describe here the construction of a recombinant
3338050; E-mail: marvirta@utu.fi bacterial strain for measuring bioavailable cadmium and
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lead. Sensor plasmid pTOO24 carries the firefly lucifer- lation unit (Fig. 1). The inserted unit contained tteedC

ase reporter gene under the control of tael promoter gene, which codes for the regulatory protein (Endo and

and thecadC gene of thecadAresistance determinant Silver, 1995), and thecad promoter upstream of the

of S. aureusplasmid pl258 (Nucifora et al., 1989; IucFF gene. Plasmid pTOO24 was constructed on a simi-

Tynecka et al., 1981). As host strains we uSecgureus  lar principle to the previous sensor plasmids described

RN4220 andBacillus subtilisBR151. by us (Tauriainen et al., 1997; Virta et al., 1995) by
using standard recombinant-DNA techniques (Sambrook
et al., 1989). Plasmid pl258 isolated fro® aureus

2. Materials and methods (NCTC 50581) was used as a template for polymerase
chain reaction (PCR) (Saiki et al., 1985) to generate a
2.1. Materials fragment consisting of the cadC gene and

promoter/operator of theadA operon withBamHI and

Tryptone, Yeast Extract and hydrolyzed casein were Xhd restriction sites at ends. Following oligonucleotide
obtained from Difco. B-glycerophosphate was from primers were used for PCR!-ATATCTCGAGGTGT
Sigma. D-luciferin was from Bio-Orbit Oy (Turku, ATTTTTTAATAAATTATTTTACTT at the beginning of
Finland). NaAsQ, NaHAsO,, FeSQ, Li,SO, were the cadC gene and 5TTAAGGATCCCCTTTCAGA
from Sigma, HgCJ, CdCL, CuSQ, CoClL, MnCl, were CATTGACCTTCA@' at the end of thecadC gene,
from Riedel-de Hae, ZnCl, SnCl, NiCl,, were from showing restriction sites oKhd and BanHl in bold,
Merck, CH,KO,Sb was from Fluka and Pb(GBOO), respectively, and bases which correspond to ¢hdC
was from J.T. Baker. All metals were of analytical gene in italics. The 5end of the generated fragment
reagent grade, exceptl@,KO,Sb, which was of purum included seven bases from the beginning of liheFF
grade ( = 99%). DNA modifying enzymes were because thBanHlI site was originally engineered inside
obtained either from Promega or from New England the luciferase gene (Lampinen et al., 1992). The
Biolabs. Vent DNA-polymerase used in PCR was from resulting PCR product, the 572 bp fragment, was purified

New England Biolabs. by using the QIAquick PCR purification kit (Qiagen
GmbH, Hilden, Germany), digested witBanH| and
2.2. Bacterial strains and plasmids Xhd and repurified from an agarose gel by QIAquick

gel extraction kit (Qiagen GmbH). The fragment was lig-

Bacterial strains and plasmids used in this study are ated to plasmid pCSS810 (Lampinen et al., 1992), from
listed in Table 1. Plasmid containing bacterial strains which the constitutive promoter controllinducFF
were maintained orL-agar (LA) plates supplemented expression was removed wiBanHI and Xhd digestion

with 30 ug/ml kanamycin. and gel purification. The generated plasmid pTOO24
was transformed intdescherichia colistrain MC1061
2.3. Construction of plasmid pTO024 cells by electroporation (Dower et al., 1988), isolated

and its structure confirmed by restriction enzyme diges-
The original lac-operator/T5-promoter element of tion and sequencing. Plasmid pTOO24 was also transfor-
pCSS810 was replaced by the cadmium responsive regumed by electroporation int8. aureugSchenk and Lad-

Table 1
Bacterial strains and plasmids used

Strain or plasmid Description Reference/source

Strain:

Escherichia coli

MC1061 cl* A(ara,ley7697 AlacX74 galU- galK™ hsr— hsnt rpsL araD139 (Casabadan and Cohen, 1978)

Bacillus subtilis

BR151 lys-3 meB10 trpC2 (Young et al., 1969)

Staphylococcus aureus

NCTC50581 Multiple metal resistant pl258 (Novick et al., 1979)

RN4220 Efficient acceptor dt. coli DNA (Kreiswirth et al., 1983)

Plasmid:

pCSS810 Shuttle vector, T5 promotelae operator upstream déicFF gene, kanamycin and (Lampinen et al., 1992)
chloramphenicol resistances

pTO024 Shuttle vectorgad promoter anccadC of pl258 cloned into pCSS810 upstream of This work

lucFF gene, kanamycin and chloramphenicol resistances
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Digestion with
BamHI and Xhol

+ Xhol

7,2 kb fragment

ligation —

/-> 572 bp fragment

PCR and digestion
with BamHI and Xhol

§
{ [ o[ cadc |  cada
R

plasmid pl258

Fig. 1. Construction of the sensor plasmid pTOO24. Plasmid pCSS810 was digestechmith &1d Xhd and the resulting 7,2 kb fragment was
isolated. A 572 bp fragment was amplified from plasmid pl258 by PCR with the primers described in Section 2. The 572 bp fragment was purified,
cut with BanHI and Xhd, repurified and ligated to the 7,2 kb fragment from pCSS810. Abbreviations ksed:,gene encoding kanamycin
resistancerat, gene encoding chloramphenicol resistarzadC gene encoding the regulative protein of ted promoter; P, thecad promoter;

lucFF, gene encoding firefly luciferaseri + and ori-, origins of replication in Granm+ and Gram- bacteria, respectively.

daga, 1992) strain RN4220 andB. subtilis without shaking for 120 min witls. aureuscells and for
(Vehmaanpéeral990) strain BR151S. aureusRN4220 180 min withB. subtiliscells. Thein vivo luminescence
harbouring the parental plasmid pCSS810 was used ageak values were measured with a Luminoskan lumino-
a control strain since in pCSS810 the expression of the meter (Labsystems, Helsinki, Finland), by adding 100
lucFF is controlled bylac operator and thus independent of the luciferase substrate (1 mB-luciferin in 0.1 M

of metal concentration. Na-citrate buffer, pH 5.0) through the dispenser of the
luminometer. All measurements were done in triplicate.
2.4. Cultivation of bacteria The metal salt solutions used were made in Milli-Q -

purified (Millipore, Bedford, Massachusetts) water.
Bacterial cultivations for the measurements were done These  solutions were: Cdgl Pb(CHCOO),

in LB-medium (10 g Tryptone, 5g Yeast extract, 59 C,H,KO,Sb, SnC}, ZnCL, HgCL, MnCl,, Li,SO,,
NaCl per litre, pH 7.0) supplemented with 3@/ml kan- NaAsO,, Na,HAsQO,, FeSQ, CuSQ, NiCl, and CoCJ.
amycin in a shaker at 3C€. The S. aureuscells were Induction coefficients were calculated in order to
grown to an ORy,nm of 4-6 andB. subtilisto an determine the efficiency of induction with different met-
ODgoonm of 0.2. Cells were harvested by centrifugation als. The induction coefficient was calculated as the ratio
and washed twice:S. aureus with HMM-medium between induced and uninduced cells as follows: Induc-
(LaRossa et al.,, 1995) supplemented with 0.25% tion coefficient I= 1,/lg, where | is the light emitted by
hydrolyzed casein, anB. subtiliswith modified SMM- the induced sample ang ls the light emitted by the
medium (2g (NH),SO,, 1l4g KHPQO, 6.8¢g uninduced sample, the background light.
NaH,PQO,-2H,0, 0.2 g MgSQ-7H,0, 50 ml 10% glucose Survival of control strain RN4220(pCSS810) is the
solution per liter, pH 7.3), supplemented with 0.05% ratio of luminescence of the zero sample and metal con-
hydrolyzed casein. Bacteria were suspended in andtaining samples multiplied by a factor of 100. It was
diluted with the same media before the measurements.calculated as follows: survival of control strains<SS/S,
About 1 X 10° S. aureuscells and 5x 10° B. subtilis X 100%, whereS; is the light emitted by the cells incu-
cells were used per measurement. bated with a metal containing sample aBdis the light

emitted by the cells incubated with the zero sample.
2.5. Luminescence measurements

2.6. Freeze-drying of cells

The bacterial dilution and different dilutions of metal

salt solutions were pipetted to wells of 96-well white Both theS. aureusstrain RN4220(pTO024) and the
microtitration plates (Labsystems, Helsinki, Finland), B. subtilis strain BR151(pTO0O24) were preserved by
both in a volume of 5Qul. Plates were incubated at 3D freeze-drying. An overnight culture of the cells was
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diluted 1:50 into 50 ml of LB-medium supplemented 100 7/
with 30 ug/ml kanamycin. Cells were cultivated at°8D
in a shakerS. aureugo an OQ,,nm of 3 andB. subtilis
to an OQy of 0.2, after which they were harvested by
centrifugation. Cells were suspended into 50 ml of
medium, M9-medium (Sambrook et al., 1989) Bt 10
aureusand modified SMM-medium foB. subtilis both
media supplemented with 10% of lactose. Freeze-drying
was performed according to standard procedures (Janda
and Opekarova, 1989; Sidyakina and Golimbet, 1991) in
200wl aliquots using a Lyoflex 10 freeze-dryer = =
. L
(Edwards Inc, Crawley, UK). Cells were reconstituted 037/ T T T T T ]
by adding 20Qul of distilled water and luminescence
measurements were done as with fresh cells.
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3. Results

3.1. Regulation of luciferase expression and
optimization of reaction conditions
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In the absence of inducing metals like cadmium, the
expression of the luciferase gene was low. In addition,
the chloramphenicol acetyltransferasat] gene located
downstream from the luciferase gene, seemed to be
repressed because aureusRN4220(pTO024) cells did
not grow in the presence of 38y/ml chloramphenicol.
The parental plasmid containing. aureus strain,
RN4220(pCSS810), in which luciferase and chloram- .
phenicol acetyltransferase are constitutively expressed,
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grew in those conditions (data not shown). 1 A

Incubation time, medium composition, growth phase o ) A L
of harvested bacteria and amount of bacteria per o%-//l — T 'EF&-@:@’
measurement were optimized. Also inductions in differ- OM 100pM 1nM 10nM 100nM 1pM 10pM 100uM 1mM

ent host strains were tested and optimization of con-
ditions was done foB. subtilisstrain BR151 in addition
to S. aureusstrain RN4220. Medium composition and Fig. 2. The effect of medium composition on inductionSifaureus
incubation time with metals had an effect on the induc- RN4220(pTOO24) and induction profiles ofB. subtilis
tion profiles of both strainsS. aureuscells were tested BR151(pTO024). (a) and (b) show the induction coefficients of strain

. . . RN4220(pTO0O24) when incubated at°80for 2 h with (A) cadmium
in following media: LB, M9 (Sambrook et al., 1989) and and (B) lead in different media: LBY), M9 supplemented with 0.25%

HMM (LaRossa et al., 1995_) (Fig. 2). M9 anq HMM hydrolyzed casein @) and HMM supplemented with 0.25%
were both supplemented with 0.25% Casamino acids. hydrolyzed casein o). (c) shows induction profiles of strain

Additionally, B. subtiliswas tested in SMM (Harwood BR151(pTO0O24) when incubated at°8for 3 h with cadmium ),

and Cutting, 1990) and modified SMM, which were both antimony ©), zinc (4), tin (V) and lead £). Luminescence measure-
supplemented with 0.05% Casamino acids. The minimal gw;:ntinagd calculation of the induction coefficients are described in
medium containing glycerophosphate instead of phos- '

phate, HMM, proved to be the most sensitive for both hours for BR151(pTO024) (data not shown). In addition
cadmium and lead detection withS. aureus to media, the growth phase of harvested cells affected
RN4220(pTO024) and it was therefore used in further the induction of BR151(pTO024), early stages of
measurements. In addition, the induction coefficient growth (ODyy, of 0.2) gave the best results. Other alter-
caused by lead was higher compared with the phosphateations had no effect on the luminescence curves.

containing minimal medium (M9). Modified SMM was . .
chosen forB. subtilis BR151(pTO024) because of the S:2- Induction ofS. aureuskN4220(pTOO24) with
different compounds

improvements in sensitivity and induction coefficients in
cadmium detection. Incubation time for maximal induc-  The following ions caused induction of luminescence:
tion was two hours for RN4220(pTOO24) and three cadmium, lead, antimonite and tin (Fig. 3). Minor levels

Concentration
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sion. SbQ@ ions induced luminescence between concen-
trations of 1 nM to 33QuM, resulting in a bell-shaped
curve, which had its maximum induction capacity at
concentrations of 330 nM- 1 uM. Tin (Sr? *) induced
luminescence at concentrations from gi@ to 100 uM;

the curve had its peak at 38Vl. The maximum induc-
tion coefficients for the different metals were 30, 50, 35,
and 23 for cadmium, lead, antimony and tin, respect-
ively. HgCL, ZnCl, and MnC}, induced less luciferase
synthesis at narrow concentration ranges: Hg@m
33nM to 100 nM, ZnCJ from 1uM to 10uM and
MnCI, from 33 uM to 330 uM with maximum induction
coefficients of 3—6. The following compounds, FeSO
Li,SOQ,, CuSQ, NaAsQ, Na,HAsO,, NiCl,, and CoCJ}

did not cause significant bioluminescence even at milli-
molar concentrations (data not shown).

3.3. Induction ofB. subtilis BR151(pTO024) with
different compounds

Metals  which  induced luminescence in
BR151(pTOO24) were cadmium, antimonite, zinc and
tin (Fig. 2). lon concentrations needed were from 3.3 nM
to 1 uM, 33 nM to 10uM, 1 uM to 33 uM and starting

at 100uM, respectively, with induction coefficients of
3-5.

3.4. The effect of metals on the control str&n
aureusRN4220(pCSS810) producing constitutive light
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Oq:‘7llL L | L | L | L 1 L | 1
M oM 10nM 100nM IuM  10uM 100uM 1mM Luminescence was at a constant high level at low con-

centrations of all metals and the fall in luminescence

occurred at various concentrations due to differences in

metal toxicity. C& * ions caused luminescence to fall

at a concentration of 100 nM (Fig. 3). It reached the

Concentration

Fig. 3. Response @&. aureusstrains to cadmium, lead and antimony.

Induction coefficients of the cadmium and lead-sensing s8aaureus

RN4220(pTOO24) ) and the survival of the stable-light producing

control strainS. aureusRN4220(pCSS810){) when incubated with background value at a concentration of @8l. The fall

(@) cadmium, (b) lead and (c) antimony at°80for 2h are shown. 5 |yminescence caused by b ions occurred at con-

Data represent mean of three determinations. Luminescence measure- - +

ments and calculation of the induction coefficients and the survival of .Cemratlons from 1(.)@“'\/' to 3.3 mM and that of S:h

the control strain are described in Section 2. 1ons ?t concentratlo_ns from M to 3.3 mM. With _
SbG; ions the reduction of light starts at a concentration

dof 10 uM but does not reach the background value in

of luminescence were induced also by zinc, mercury an X
gconcentrations tested.

manganese. Cadmium, lead and antimony all induce
rather different shaped curves. The lowest concentration
that caused a noticeable induction (backgroun@® X
standard deviation) with cadmium (€d) was 10 nM.

Lléen1|ngscence |nc_rea|§ed with increasing amounts of oqited in lowered induction coefficients and somewhat
Cd™" ions in a quite linear manner to a concentration e qced sensitivity of both cadmium and lead detection
of 1 uM, after which luminescence fell and reached the (i 4) Freeze-drying had a smaller effect®rsubtilis

background value at 10M. Concentrations needed for - gr151(3TO0024) cells, only the sensitivity decreased
luminescence with lead (PB ) were from 33 nM to slightly (data not shown).

330uM. Pl? * ions induced a somewhat different lumi-

nescence response: luminescence rose linearly between

concentrations from 33 nM to AM and then fell at 4. Discussion

330uM to 1 mM. At concentrations from &M to

330uM the luminescence was at a high level. Antimon-  The recombinant sensor bacteriaS. aureus

ite (SbG) was also an effective inducer of light emis- RN4220(pTOO024), presented here responds mainly to

3.5. The effect of freeze-drying on cells

Freeze-drying ofS. aureusRN4220(pTO024) cells
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Fig. 4. Induction of freeze-dried RN4220(pTO0O24) cells. Induction

coefficients of freeze-dried RN4220(pTO0O24) cells when incubated at
30°C for 2 h with cadmium ¢) and lead ©). Luminescence measure-
ments and calculation of the induction coefficients are described in
Section 2.
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antimonite resistance operoar§) from the same plas-
mid pl258 has shown to be inducible also by?Cdand
BiO* (Corbisier et al., 1993; Tauriainen et al., 1997).
Furthermore, it has been noticed that the assumed metal
binding regions of all proteins of the ArsR family are
conserved and the regulation protein of taelA-operon,
CadC, is considered a member of the ArsR family like
the ArsR protein of thars-operon (Shi et al., 1994; Sil-
ver et al., 1993). Interestingly, arsenite did not induce
luminescence of strain RN4220(pTO024), whereas cad-
mium has been found to induce luminescence of strain
RN4220(pTOO021) (Tauriainen et al., 1997), in which
the expression of luciferase was regulated by dne
promoter and ArsR-protein. It is clear that antimonite
was a common inducer of both strains.

The sensitivity of heavy metal ion detection obtained
here exceeded the sensitivities of the above mentioned
strains described by Corbisia@t al. and Yoonet al,
which can be considered for use in the detection of cad-
mium and lead, although they were constructed in order

cadmium, lead and antimony (Fig. 3). These metals areto study the regulation of theadAoperon. The detection

strong inducers and they cause induction of lumi-

limits on those studies were about @M or higher for

nescence at a wide concentration range. Tin also causesadmium and JuM or higher for lead, which are almost

relatively strong induction, but only over a narrow con-

one hundredfold greater than the concentrations obtained

centration range and at higher metal concentrations. It ishere. We have obtained similar results with the other
obvious that the shape of concentration—response curvesensor bacteria, although the differences compared with

is defined, in addition to the induction of tleadA pro-
moter, by the toxicity of a metal. That was confirmed
using a control strainS. aureusRN4220(pCSS810), for
toxicity measurement. It showed that the fall in lumi-
nescence (Fig. 3) is due to the toxic effect of the metal,
which is paralleled by reduction of the number of living
bacteria. A direct correlation between viable microbial
cell count andn vivo firefly luciferase activity has been
shown previously (Virta et al., 1994). By using the con-
trol strain together with the metal-specific strain it should

be possible to distinguish whether the metal concen-

sensor bacteria described by others have varied from
slightly less than a hundredfold (Tauriainen et al., 1997)
up to about millionfold (Virta et al., 1995). The expla-
nation of the differences in sensitivity is not totally obvi-
ous to us. One explanation could be the difference in
the sensitivity of detection between firefly luciferase and
bacterial luciferase. Also the variations in the level of
background activity of the reporter and the intracellular
metabolism of strains used can affect the sensitivity.
Rasmussen et al. (1997) were able to increase the sensi-
tivity of the mercury sensor bacteria by several orders

tration of samples is on the increasing or on the decreas-of magnitude simply by using lower amounts of cells

ing part of the concentration-response curve (Fig. 3).
The regulation of theadAresistance determinant has

per measurement. However, we did not observe similar
dependence between cell number and sensitivity in our

been studied earlier by Yoon et al. (1991) and Corbisier case. Also the differences in the copy number of the

et al. (1993). Yooret al. used acadA-blaZz fusion in

S. aureusRN4220 and reported strong induction with
cadmium, lead and bismuth and minor induction with
zinc and cobalt. Corbisieet al. found cadmium to be
the strongest inducer i8. aureusRN4220 together with
lead and bismuth as minor inducers by usingaalA-
luxAB fusion. Our results are in agreement with these
reports with the exception that cobalt did not cause
induction in our experiments. We discovered, in
addition, that antimonite is an inducer of tisad pro-
moter, which has not been reported earlier. Y@bral.
and Corbisieret al did not test the inducibility of their
strains with antimonite. The induction of a cation-resist-

sensor plasmids might play a role in sensitivity of ion
detection in formulating the interrelationships between
repression and induction.

Of the other strains tested for the sensor plasmid
pTO024,S. aureusstrain RN4220 was found to be gen-
erally the best host, i.e. the most sensitive and the one
with the highest induction coefficients for different metal
ions. On the other han@. subtilisstrain BR151 was the
most sensitive for cadmium detection, although it had
lower induction coefficients with all metals. It is likely
that the repression of transcriptionB subtilisdoes not
function as well as in the natural host of the regulation
unit (S. aureuy causing a higher basal expression level

ance operon by antimonite, which is an oxyanion, seemsof the luciferase gene and resulting therefore in lower
rather unexpected. On the other hand the arsenite andnduction coefficients. Indeed, uninducBdsubtiliscells
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emitted about ten times more light per cell taraureus  too expensive to use. Yet, methods based on metal pre-
cells (data not shown). In addition to being more sensi- cipitation can only be useful for liquids; in solids, for
tive to cadmium,B. subtilis has a different range of example soil, methods based on metal solvating could
inducers so it could also be used for the detection of be more appropriate. As a tool for the development of
zinc. Furthermore, it is an environmental bacteria, with metal bioremediation processes, heavy metal sensing
a GRAS (generally regarded as safe) status (NIH guide-bacteria could play an important role.
lines, 1994). This fact is the most important factor in
gaining widespread usage and acceptance as a sensor
bacteria for fi.eld applica;ions. Acknowledgements
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