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Abstract

Biofilms containing diverse microflora were developed on bitumen-painted steel and glass tiles suspended in a chemostat
model of a water distribution system. Escherichia coli, taken from a naturally occurring biofilm, was transformed with a
plasmid containing the anaerobically induced nirB promoter fused to the lacZ reporter gene. The resulting transformant,
PRBI, was introduced into the chemostat. After 7 and 13 days, an E. coli strain with an anaerobically induced Lac*
phenotype was present in the biofilm. Development of an episcopic differential interference contrast technique combined
with UV fluorescence microscopy enabled the simultaneous visualization of E. coli in the biofilm using a fluorescent probe
to detect expression of the gusA reporter gene and a lacZ fluorescent probe to monitor anaerobic expression of
B-galactosidase from pnirB.
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1. Introduction system. Extracellular polysaccharides, formed at the
surface of the biofilm, are involved in the entrapment
of nutrients creating a favourable environment in a

situation otherwise deficient in nutrients [2]. These

Water treated and supplied for drinking and do-
mestic purposes is not sterile because biofilms are

found on pipework used in its distribution [1].
Biofilms occur as a result of the attachment of
microorganisms to surfaces followed by growth, for-
mation of products such as extracellular polysaccha-
ride and eventually sloughing of bacteria into the

* Corresponding author. Tel: (0121) 414 5440; Fax: (0121) 414
7366.

extracellular polysaccharides not only protect the
biofilm itself from residual chemical disinfectants
but also allow the attachment of other bacteria to the
developing biofilm. Contamination of drinking water
is a public health concern because it is assumed that
the presence of microorganisms such as Escherichia
coli is the result of faecal contamination of human or
animal origin. The presence of E. coli in biofilms on
water distribution pipes has attracted particular inter-
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est because of the risk they pose to the quality of
drinking water.

Although the availability of fluorescent substrates
to detect gene expression has allowed non-invasive
methods to be developed to study the presence of
particular strains or species of bacteria within a
biofilm [3], no-one has reported the use of reporter
genes such as lacZ and luxAB fused to nutrient-sen-
sitive promoters as environmental sensors in biofilm
studies. In this work a recombinant plasmid has been
exploited which carries the lacZ gene fused down-
stream of the anaerobically induced nirB promoter.
Transcription from the nirB promoter is repressed
during aerobic growth, induced by anaerobiosis and
further induced by the presence of nitrite or nitrate in
the growth environment [4,5]. This induction is de-
pendent on the regulatory protein, FNR, a factor
essential for the transcription of a number of genes
expressed during anaerobic growth [4,6,7]. Expres-
sion from pnirB is also activated by NarL in re-
sponse to nitrate and nitrite and activated by NarP in
response to nitrate but not nitrite [8].

The aims of this work were to introduce the
anaerobically induced nirB promoter, fused to a
lacZ reporter gene, into an E. coli strain which had
been isolated from a natural biofilm, to demonstrate
the re-attachment of this E. coli to the biofilm and to
investigate whether this O,-sensitive, plasmid-en-
coded gene was expressed within the biofilm.

2. Materials and methods

2.1. Strains and plasmids used and their source

Strains and plasmids used in this work are listed
in Table 1 together with details of their source or
method of construction. The plasmid, pAA182, is a
pBR322-based promoter probe vector [5].

2.2. Screening and maintenance of strains

Bacteria purified from biofilms were screened for
Amp® or Tet® by plating onto minimal medium or
nutrient agar supplemented with either 15 mg/ml
tetracycline or 80 mg/ml ampicillin.

Stock cultures were maintained at —70°C in

Table 1
E. coli strains and plasmids used and their source

Strain or Description Reference or

plasmid source

Strain

M182 lac.for” [15]

PRBI1 Amp* Lac™ Thames Water
Utilities plc

Plasmid

pR150 pRB322-based promoter [18]

probe vector with pnirB

Lennox Broth supplemented with 15% (v/v) glyc-
erol. Working cultures were maintained for up to 8
weeks on nutrient agar at 4° C.

2.3. Media used and growth conditions for culturing
bacteria in the biofilm

Heterotrophic biofilm bacteria were counted on
the low-nutrient R2A minimal medium [9] which
minimizes substrate shock for nutrient stressed or-
ganisms. E. coli PRB1 was reisolated from the
biofilm by selecting blue Lac* Amp® colonies on
minimal medium supplemented with 80 wg/ml
ampicillin and 1% 5-bromo-4-chloro-3-indolyl galac-
topyranoside (X-Gal, Novobiochem; A11311). Cul-
tures were grown at 30° C for 7 days.

2.4. Continuous-culture model for studying biofilm
formation

A chemostat was inoculated with a natural micro-
bial flora obtained from a biofilm formed from water
supplied by Thames Water Utilities plc. The micro-
bial flora, partially identified by the API 20NE and
API 20E system (API Biomeriux, Basingstoke, UK)
according to the manufacturer’s instructions, in-
cluded Pseudomonas sp., Aeromonas sp., Serratia
and Methylobacteria sp. The E. coli was an envi-
ronmental isolate obtained from Thames Water Utili-
ties plc and was inoculated as 10 ml suspensions of
10° cfu/ml of culture into the model when it was at
steady state. The culture medium was Birmingham
tap water which was filter-sterilized through a nylon
membrane. Previous studies had shown that this
simple membrane filtration technique provided water
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that was both sterile and chemically unaltered [10].
The biofilm model originally consisted of two con-
tinuous-culture glass vessels in series, each with a
working volume of 500 ml [11]. The first vessel
contained the Thames Water inoculum and was sup-
plied with filter-sterilized Birmingham tap water.
The effluent from this fermenter was used to supply
the second vessel. After creating biofilms with a
sufficiently diverse microflora in the second vessel,
the effluent line from the first vessel feeding the
second was replaced by a line supplying filter-steri-
lized Birmingham tap water at a dilution rate of
0.02/h, and both chemostats were run in tandem.
The top plate and sampling ports were made of
titanium or stainless steel and all connectors and
probes were made of glass so that there was no
leaching of metal ions into the culture. The cultures
were maintained aerobically at ambient temperature,
between 20° C and 25° C. The pH was monitored but
not controlled.

2.5. Biofilm formation

Biofilms were formed on 1 cm? bitumen-painted
mild steel, as used in line distribution mains, or on 1
cm?” glass tiles [11]. Tiles were suspended in vessels
by titanium wire and sampled after immersion for
various times in the culture. The tiles were removed
aseptically, washed in sterile water and the biofilm
was transferred with a dental probe into 4 ml of
distilled water. The biofilm sample was vigorously
vortexed to break up aggregates of cells; aliquots of
serial dilutions were then plated onto selective or
non-selective agar. A sample of the planktonic
(liquid) phase was also taken at the same time in
order to determine viable counts of bacteria.

2.6. Fluorescent probes for B-galactosidase and (-
glucuronidase

The fluorescent probes, obtained from Molecular
Probes Inc., Eugene, Oregon, USA, were Imagene
Green C, FDG lacZ(1-2896) and Imagene Red
C,RGIcU GUS (1-2910) diluted to 33 and 50 uM,
respectively, with sterile tap water and prewarmed to
37°C. Tiles were secured firmly onto microscope
slides and 100 wl of each probe was added to the

upper side of the tile. Tiles were viewed after 30 min
at 37°C.

2.7. Differential interference contrast (DIC) mi-
croscopy

A Nikon Labophot-2 microscope equipped with
both episcopic differential interference contrast (DIC)
and epifluorescence was used to view biofilms on
tiles [10,12]. An immunogold staining block (IGS)
was used for DIC microscopy and rhodamine and
fluorescein filter blocks were used for epifluores-
cence studies to detect the hydrolysis products of the
GUS and pB-galactosidase substrates, respectively.
The objective lens was a non-contact M Plan Apo
40 X and the light source was a 100 W halogen
lamp. Neutral density filters were used where re-
quired to suppress high background fluorescence.
Images were captured using a black and white
charged-couple device camera and further enhanced
and magnified using the Digithurst Microeye TC
image analysis transputer card and software running
on PC-compatible computers.

2.8. Assays for B-galactosidase

Bacteria for $-galactosidase determinations were
grown aerobically or anaerobically in Lennox Broth
supplemented with 0.4% (w/v) glucose, 80 mg,/ml
ampicillin and 20 mM nitrate or 2.5 mM nitrite. The
B-galactosidase activities were assayed as described
by Jayaraman et al. [5]. Activities are expressed as
nmol o-nitrophenyl [B-D-galactosidase hydrolysed
min~! (mg dry cell mass)~! and are the means of at
least two independent, duplicated determinations that
differed by no more than 5%.

2.9. Recombinant DNA techniques

Small-scale DNA preparations, restriction digests,
agarose gel electrophoresis, the isolation of DNA
fragments, the preparation and transformation of
competent M182 and other routine DNA manipula-
tions were as described by Maniatis et al. [13].
Competent cells of the biofilm isolate of E. coli
were prepared and transformed as described by
Hanahan [14].
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3. Results and discussion

3.1. Introduction of Escherichia coli into a develop-
ing biofilm

Biofilms were established on tiles suspended in a
1 1 fermenter fed for 14 days with the planktonic
phase of a second fermenter containing biofilms of
bacteria isolated from a Thames Water Utilities plc
supply pipe. Although both Amp® Lac™ and Amp®
Lac™ bacteria were present in both the biofilms and
the planktonic phase at this stage, no Amp® Lac”*
strains could be detected. E. coli strain PRB1 was
then introduced to a final density of 2 X 10* ml~!.
After a further 7 days, both the planktonic phase and
the biofilms were screened for the presence of Amp*®
Lac* bacteria. The density of such bacteria in the
planktonic phase, identified as E. coli by the API
20E identification kit, had increased to 5 X 107 ml1~".
Typical counts of E. coli reisolated from 1 cm? tiles
were 1.6 X 10* after 7 days and 1 X 10° after 13
days.

The presence of the NirB" LacZ fusion plasmid in
strain PRB1 was exploited to confirm that the E. coli
isolated from the biofilms were indistinguishable
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Fig. 1. Activity of the nir promoter during growth in different
media. Bacteria were grown either aerobically in Lennox broth
(solid bars), or anaerobically in Lennox broth supplemented with
0.4% (w /v) glucose as the carbon and energy source. Anaerobic
cultures were grown with glucose alone (shaded bars), glucose
plus 2.5 mM nitrite (open bars) or glucose plus 20 mM nitrate
(hatched bars). The heights of the histogram indicate B-galac-
tosidase expression from the nir promoter in E. coli strain
M182.pR150 (a), PRB1.pR150 (b) and E. coli re-isolated from
the biofilm (c). Units are nmol of ONPG hydrolysed min~! (mg
dry bacteria)™!.

from those originally introduced into the fermenter.
Plasmid DNA was purified from the colonies iso-
lated from the biofilm and transformed into E. coli
strain M182. The original E. coli PRBI, the strain
isolated from the biofilm and M182 transformants
were grown aerobically, or anaerobically in the pres-
ence and absence of nitrate or nitrite, and S-galac-
tosidase activities were determined to estimate rates
of transcription from the nir promoter. Transcription
from the nir promoter in all three strains was re-
pressed during aerobic growth, partially induced dur-
ing anaerobic growth in the absence of an added
electron acceptor and fully induced during anaerobic
growth in the presence of nitrate or nitrite (Fig. 1), as
expected [5]. These data confirmed that the E. coli
strain recovered from the biofilm were identical to
those introduced into the planktonic phase 7 days
earlier. We conclude that E. coli can become estab-
lished in biofilms on tiles supplied with domestic tap
water and survive in the biofilm, at least for the
duration of these experiments.

3.2. Visualization of E. coli in the biofilm using
fluorescence microscopy

Thirteen days after E. coli PRB1 had been intro-
duced into the chemostat, tiles were removed for
microscopic examination after staining them with the
B-galactosidase and GUS fluorescence probes. Tiles
from the original feed culture to which no E. coli
had been added served as controls. The microscope
was initially used in DIC mode to observe the total
biofilm flora [16]. It was then switched to epifluores-
cence mode to detect fluorescence from the hydroly-
sis products of the GUS and p-galactosidase sub-
strates [16]. Switching between the rhodamine and
fluorescein filters revealed identical areas of fluores-
cence due to the presence of the Lac* GUS" strain,
E. coli PRB1 (Fig. 2a,b). Similar experiments with
tiles from the control culture revealed areas of biofilm
containing Lac* GUS™ bacteria, but, as expected,
no areas of the biofilm were simultaneously stained
with both substrates (Fig. 2c,d). These data con-
firmed that E. coli PRB1 was present in the biofilm
and that at least some of them were in an environ-
ment that was sufficiently anaerobic for the nirB
promoter to direct the synthesis of high levels of
[B-galactosidase.
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(c) gusA

(b) lacZ

d) lacZ

Fig. 2. Simultaneous visualization of fluorescence due to S-glucuronidase (a) and (c) and B-galactosidase (b) and (d) activity from bacteria
in a 13-day-old biofilm using episcopic DIC microscopy in UV flourescence mode. The biofilm shown in (a) and (b) was removed from the
chemostat that had been seeded with E. coli PRB1.pR150; the tile in (¢) and (d) was taken from the initial chemostat used as a source of
diverse microbial flora. Note the strong fluorescence with both probes only from areas of the biofilm in (a) and (b), indicative of the

presence of Lac* GUS™ E. coli.

In conclusion, three lines of evidence have been
used to demonstrate that E. coli can become estab-
lished in a biofilm. Prior to inoculation of PRB1, no
other Lac*Amp® E. coli had been identified in the
biofilm: E. coli recovered from the biofilm were
indistinguishable from those introduced but were
different from pre-existing flora. The presence of E.
coli in the biofilm has been visualized using the
B-glucuronidase marker enzyme which is synthe-
sized by more than 90% of all environmental isolates
of E. coli [17). The chromophore, 5-bromo-4-chloro-
3-indolyl galactopyranoside and a B-galactosidase
fluorescent probe have also been used to detect
B-galactosidase activity in these E. coli. The pres-
ence of high levels of pB-galactosidase in micro-
colonies of E. coli within the biofilm suggests that

the nirB promoter had been activated, so these mi-
crocolonies of E. coli must have been anaerobic in
the biofilm.These studies emphasize the need, when
assessing the safety of water for human consump-
tion, to monitor the microbial population of biofilms
which accumulate in the pipework of the water
distribution system.
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