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luxAB gene fusions in the Escherichia coli genome were used to screen for clones displaying transcriptional
changes in the presence of aluminum. One clone was found that contained a luciferase gene fusion in which
transcription was increased in the presence of aluminum and which was subsequently shown to be induced by
copper, iron, and nickel. Cloning of the metal-regulated gene, hybridization to the ordered phage k bank of the
E. coli chromosome, and sequencing of DNA adjacent to the lurAB fusion revealed that the insertion occurred
within the fliC (hag) gene of E. coli. This gene encodes flagellin, the filament subunit of the bacterial motility
organ, and is under the control of several regulatory cascades. These results suggest that environmental metals
may play a role in the regulation of the motility potential of E. coli and that this bioluminescent gene fusion
clone (or derivatives thereof) may be used to prepare a biosensor for the rapid detection of metal contamination
in water samples.

Toxic metals can have deleterious effects by blocking
essential functional groups, displacing essential metal ions,
or modifying the active conformation of biological molecules
(5). Bacterial cells have evolved mechanisms to deal with
elevated levels of these toxic environmental metals. The
plasmid-borne heavy metal resistance operons found in
many species of bacteria are a good example of this (14, 28).
Aluminum is a nonessential metal that is generally present

in natural waters at concentrations ranging from approxi-
mately <0.03 to >0.67 ,ug/ml (3). Aluminum becomes more
soluble with increasing acidity and can often be the most
toxic element in acidic waters (6, 15). Several mechanisms
have been postulated to explain aluminum toxicity (3, 27),
including its potential to bind to DNA in Rhizobium spp.
(15). Genetically programmed responses to elevated levels of
aluminum in bacteria have not yet been defined. We chose to
search for genes in the Escherichia coli chromosome that
may play a role in cellular responses to elevated levels of
aluminum in the environment. The rationale behind our
approach was that genes (and their encoded products) that
play a role in responding to elevated levels of aluminum
could be induced (or repressed) at the level of transcription
in the presence of the metal. To detect these transcriptional
changes, a library of approximately 3,000 E. coli clones was
created, each of which contained a random, single, chromo-
somally located insertion of a promoterless luxAB transcrip-
tional reporter gene cloned within a truncated TnS element
(12). The gene product of the Vibrio harveyi luxAB genes,
luciferase, is a mixed-function oxidase composed of (x and ,B
subunits that catalyzes oxidation of an aldehyde in a reaction
that results in the emission of light (34). The amount of light
produced by E. coli cells carrying the luxAB genes down-
stream from promoters is proportional to the amount of
transcription of luxAB (8).
By monitoring changes in light emission of clones from the

E. coli luxAB library in the absence and presence of alumi-
num, we identified a clone with a gene fusion in which
transcription is induced in the presence of aluminum. We

* Corresponding author.

present evidence that transcription of this gene is also
affected by other metals, and we identify this gene as fliC
(formerly called hag), which encodes flagellin, the structural
protein of the flagellar filament (21).

MATERIALS AND METHODS

Bacterial strains. E. coli DH1 [F- recAI endAl gyrA96 thi
hsdRJ7 (rk-, Mk+) supE44 relAI] (13) was used to prepare
the library of luxAB transcription fusion clones (12). Strain
NM522 [supE thi A(lac-proAB) Ahsd-5 (rk- IMk-) (F' proAB
lacIqZAMJ5)] (11) was used for subcloning the chromosomal
DNA from gene fusions originally present in strain DH1.
Strain NM621 (hsdR merA mcrB recD1009 supE44) (32) was
used for propagation of the K phage E. coli chromosomal
library prepared by Kohara et al. (17).

Media. Strains were routinely grown at 37°C in LB broth
or on LB plates containing 1.5% agar (25) and supplemented
with antibiotics when indicated. Tetracycline was used at
final concentrations of 10 ,ug/ml in broth and 20 ,ug/ml in
agar. Ampicillin was used at a final concentration of 40
,ug/ml.
DNA manipulations. Plasmid DNA was purified by centrif-

ugation to equilibrium in cesium chloride-ethidium bromide
gradients (24). All restriction enzyme digestions and liga-
tions were performed as previously described (30). Trans-
formations were performed as described previously (23) and
incubated at 37°C. Isolation of total cellular DNA was
performed as previously described (12).

Construction of the luxAB gene fusion library. Construction
of the luxAB gene fusion library has been described else-
where (12). Briefly, the ColEl-based plasmid pRZ341-21
(16), containing a tet gene plus the lixAB genes within a
left-end truncated Tn5 element, was constructed and desig-
nated pFUSLUX. The plasmid pFUSLUX was introduced
into an E. coli DH1 strain that contained an ampicillin-
resistant plasmid, pTF421, which inhibits the replication of
ColEl plasmids via overproduction of RNA1 (10). Transfor-
mation on media containing tetracycline plus ampicillin
selects for cells that contain the luxAB genes inserted into
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the chromosome at a single location. A library of approxi-
mately 3,000 such clones was created.

Construction of plasmid pAG5. Plasmid pAG5 was con-
structed by ligating 3.0 Rg of BamHI-cleaved total cellular
DNA isolated from strain LF20111 to 1.0 ,ug of BamHI-
cleaved pUC119 (31). The ligation mixture was transformed
into strain NM522 (11), and transformants were selected on
tetracycline-containing LB plates (see Fig. 2).
Mapping with the Kohara library. The Kohara et al. (17)

ordered A library of the E. coli genome was propagated on E.
coli NM621 and plated as described elsewhere (32). Transfer
to nitrocellulose filters (Xymotech Biosystems Inc.; catalog
no. 20570) was performed after the plaque lift procedure for
DNA (24). The probe was prepared by isolating 1.0 ,ug of a
2.3-kb HindlIl fragment from plasmid pAG5 and then la-
beled and hybridized by using the DIG DNA labeling and
detection kit (Boehringer-Mannheim Canada Ltd.) according
to the manufacturer's instructions.

Southern blotting and hybridization of probe. Ten micro-
grams of total cellular DNA was used per restriction endo-
nuclease hydrolysis and then subjected to electrophoresis
through a 0.75% agarose gel. Transfer of total cellular DNA
to Hybond-N (Amersham Canada Ltd.) by the bidirectional
method and hybridization were performed as described
elsewhere (29). A sample (0.1 Rg) of a 2.3-kb HindlIl
fragment was isolated from plasmid pAG5 and labeled by
using the random-primed labeling method (9) with
[OL-32P]dGTP (3,000 Ci/mmol; ICN Biomedicals Canada
Ltd.).
DNA sequencing. Single-stranded phagemid DNA was

prepared from plasmid pAG5 as described elsewhere (31).
Dideoxy sequencing reactions with [:x-35S]dATP (500 Ci/
mmol; Du Pont Canada Inc.) were performed with a Seque-
nase kit (U.S. Biochemical Corp.) according to the manu-
facturer's protocol. To determine the sequence at the
junction between ISSOR and the chromosomal DNA in
pAG5, an oligonucleotide (5'AAGGTTCCGTTCAGGAC 3')
corresponding to bp 1497 to 1513 of IS50R (1) was synthe-
sized (Sheldon Biotechnology Centre) and used as a primer.
To determine the sequence at the BamHI site in the chro-
mosomal DNA, the BamHI fragment of plasmid pAG5
(containing the tet gene, ISSOR, and adjacent chromosomal
DNA sequences) was cloned into the BamHI site in the
opposite orientation in the same vector (pUC119), and the
-40 primer provided in the Sequenase kit was used.
Assay for luciferase-induced light emission. The light emis-

sion assay technique of Miyamoto et al. (26) was used.
Briefly, 1-cm2 patches of cells were grown overnight on an
LB agar petri dish, placed upside down, and exposed to
Kodak XAR-5 film at 23°C after the addition of 50 RI of decyl
aldehyde (Aldrich Chemical Co., Inc.) to the cover of the
petri dish. The X-ray films were developed after various
times.

RESULTS

Identification of a gene whose transcription is increased in
the presence of aluminum. Aluminum toxicity increases with
decreasing pH due to its increased solubility at lower pHs;
the toxic effects occur maximally between pH 5.0 and 6.0
(33). The light emission of each individual clone of the E. coli
luciferase gene fusion library was monitored in the absence
of aluminum and in the presence of aluminum at 1 and 10
,ug/ml (1 and 10 ppm) at a pH of 5.5; this level of aluminum
is above the background levels (approximately <0.03 to
>0.67 ,ug/ml) found in natural waters (3). One clone, desig-
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FIG. 1. Light emission of 1-cm2 patches of strain LF20111 grown

in the presence of the indicated quantities of added aluminum,
copper, iron, and nickel (as AlCl3, CuSO4, FeCl3, and NiSO4) at pH
5.5. See Materials and Methods for experimental details.

nated LF20111, was identified by its increasing gene expres-
sion (light emission) with increasing concentrations of alu-
minum (Fig. 1). Strain LF20111 was screened in the
presence of other metals to determine the specificity of the
transcriptional response as measured by light emission.
Transcription was also found to increase in the presence of
copper, iron, and nickel at 1 and 10 ,ug/ml at pH 5.5 (Fig. 1).

Cloning and mapping of the metal-responsive gene. It was
determined, by Southern blotting analysis, that the TnS-
luxAB element was present in the chromosome at a single
location (data not shown). Thus, cloning of the right end of
the gene fusion could be accomplished in one step by using
the tet gene in the TnS-luxAB element as a selectable marker.
Cloning was performed by cleaving total cellular DNA from
strain LF20111 with BamHI and ligating the DNA to plasmid
pUC119 (31) hydrolyzed with the same enzyme (Fig. 2). The
ligation mixture was transformed into strain NM522 (11)
with selection for tetracycline resistance. Because there are
no BamHI sites in tet and IS50R, the only plasmids that
survive this selection should contain tet, IS50R, and the
chromosomal sequences between IS50R and the adjacent,
chromosomal BamHI site (Fig. 2). The plasmid clone desig-
nated pAG5 was obtained by this procedure.

Plasmid pAG5 was digested with HindIII, and a fragment
containing 1.1 kb of IS5OR and approximately 1.2 kb of
adjacent chromosomal DNA was isolated (Fig. 2). This
fragment was labeled and hybridized to the ordered phage X
bank of the E. coli chromosome (17) and was found to
hybridize to phages 341 and 342 (Fig. 3A). Thus, the junction
between IS50R and the chromosomal DNA was contained in
the area of the bacterial genome common to both phages 341
and 342.
The exact size of the chromosomal BamHI fragment in

which the TnS-luxAB element had inserted was determined
by digesting the cellular DNA of the parent strain E. coli
DH1, in which the fusions were prepared, with BamHI and
hybridizing to the HindIll probe (Fig. 3C). The band was
determined to be 1.8 kb in size. In strain LF20111, in which
the TnS-luxAB element is inserted in the chromosome, the
band increases in size to approximately 8.5 kb. Another
band, approximately 5 kb in size, appears that is due to
cross-hybridization of the probe to the ColEl RNA1-over-
producing plasmid pTF421 (data not shown).
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FIG. 2. Schematic diagram for the cloning of the metal-respon-
sive gene. Restriction enzyme sites are abbreviated as follows:
BamHl (B), EcoRI (E), and HindIll (H). See Materials and Methods
for experimental details.

By combining the information obtained from mapping and
analysis via Southern blotting, it was determined that the
TnS-luxAB element had inserted approximately 1.2 kb from
the first BamHI site common to both phages in a right-to-left
orientation on the Kohara et al. (17) restriction map of the E.
coli genome at approximately 42.4 min, in the vicinity offliC
(2).

Sequencing and identification of the metal-responsive gene.
To precisely identify the metal-responsive gene, the junction
between IS50R and the site of TnS-luxAB insertion was
sequenced from the plasmid pAG5. The sequence obtained
was analyzed by a computer homology search against the
GenBank data bank; the fliC gene, encoding flagellin, was
identified. The site of insertion is 97 bp downstream from the
start of the fliC coding sequence (20) (Fig. 3B) and in the
correct orientation for the luxAB genes to be under the
control of the fliC promoter region. DNA sequencing was
also performed at the other BamHI junction to rule out the
possibility of chromosomal rearrangements that may have
occurred at the site of insertion. This was found to be the
BamHI site situated at bp 1224 of fliC, in good agreement
with the distances obtained from gel electrophoresis of
pAG5 restriction fragments and the Southern blot of strains
DH1 and LF20111 (Fig. 3C).

DISCUSSION
Aluminum is the most abundant metal in the Earth's crust

(15). It has been noted that aluminum displays increasing

toxicity to living organisms as the pH is lowered below 6.0,
presumably due to its increasing solubility (3, 6, 7, 15, 33).
To identify any genetically programmed responses that play
a role in coping with the stress of elevated levels of environ-
mental aluminum, luxAB gene fusions in the E. coli chromo-
some were screened at pH 5.5 in the absence and presence of
aluminum. A clone was found that had the luxAB genes
fused to a gene whose transcription was increased in the
presence of aluminum, as well as copper, nickel, and iron, at
pH 5.5 (Fig. 1). Zinc was also found to induce transcription,
whereas lithium had little, if any, effect (data not shown).
Cloning, mapping, and sequencing revealed that the luxAB
genes were inserted 97 bp downstream from the start codon
of the fliC coding sequence (Fig. 3).
The fliC gene encodes flagellin, which is the single protein

that makes up the filament of the E. coli flagellum (21).
fliC-lacZ gene fusions have been previously studied to
determine the effects on transcription by other proteins
involved in the assembly and regulation of the flagellum (18,
19). It was found thatfliC transcription is controlled by many
steps in a complex, regulatory cascade mechanism. Any
defect in a step in the regulatory cascade resulted in de-
creased expression offliC and thus reduced synthesis of the
flagellar filament (18, 19, 21). Assembly of the flagellum is
costly to the cell; the growth disadvantage of synthesis
relative to cells not synthesizing a flagellum was estimated to
be about 2%, as measured on the basis of growth rate (21).
However, the flagellum can also provide a growth advan-
tage, since it is part of the machinery that enables E. coli to
migrate toward nutrients and away from toxicants (22).
We have found that fliC transcription can be induced by

the presence of low concentrations of metal ions. It is still
not clear at which step, if any, in the regulatory cascade the
metal ions mediate the increase infliC transcription. Stimu-
lation of fliC gene expression in the presence of aluminum
occurred at pH 5.5 but very little occurred at pH 7.0 (data
not shown). This response may be biologically relevant,
since the cell should be expending energy only in the
presence of aluminum at doses that would harm the cell and
only at concentrations that are above the natural background
levels in the environment. At pH 7.0, the toxicity of alumi-
num is reduced due to its decreased solubility, possibly
explaining the lack offliC induction at pH 7.0. If thefliC gene
product were important to cell survival in the presence of
heavy metals, the TnS-luxAB insertion in the gene would
disrupt it, and thus strain LF20111 would be more sensitive
than the wild-type strain DH1 to elevated concentrations of
aluminum. No significant differences in MIC were found
when strains LF20111 and DH1 were plated on LB media
containing aluminum at pH 5.5 or pH 7.0 (data not shown).
Two transcriptional regulatory proteins have been shown

to require iron (Fur) or divalent metal ions (Fnr) for activity.
Both the Fur and Fnr proteins have a consensus binding
sequence upstream of the start of transcription (14). Neither
consensus binding site was found upstream of the start site
of fliC transcription.
Heavy metals have complex chemistries, and their con-

centrations in aquatic environments depend upon many
factors, including pH, E°, and the presence of organic
ligands (7, 33). Also, metal concentrations are not always
constant. For example, in spring, melting snow can produce
a strong acid and aluminum pulse (27). The ability to quickly
and easily measure the bioavailability of metal ions above
background levels in the environment would be useful for
early detection of metal ion contamination in aqueous sam-
ples. Strain LF20111 showed increased light emission in the
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FIG. 3. Strategy for the determination of the genomic location of the metal-responsive gene. (A) Hybridization to the ordered phage A E.
coli gene bank (17). Shown is the hybridization to plaques containing DNA from phages 341 and 342. Plaques containing DNA from phages
340 and 343 are also shown. (B) Transcription map from the fliC promoter-operator through the luxAB genes in relation to the published
BamHI restriction map corresponding to phages 341 and 342 (17). Sequencing localized the site of the Tn5-luxAB insertion to between bp 97
and 98 with respect to the start of thefliC coding sequence (20). (C) Southern blot analysis of BamHI-cleaved DNA of the parent strain DH1
(lane 1) and strain LF20111 (lane 2). Sizes in kilobases of marker DNAs (lanes Ml through M4) are indicated at the left.

presence of several metal ions. However, the fliC::TnS-
luxAB bacterial clone described here may prove useful as the
starting material for engineering a bioluminescent biosensor
to measure elevated amounts of only heavy, toxic metal ions
in aquatic environments with current in vivo and in vitro
genetic manipulations. The advantages of using a microor-
ganism for detection are that the amount of metal measured
is equivalent to the amount available to living organisms and
the rapidity and ease of the bioluminescence assay (4).
Moreover, since the reagent (strain LF20111) is living,
unlimited quantities can be inexpensively prepared.
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