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Abstract Microbial colonization of petroleum industry
systems takes place through the formation of biofilms,
and can result in biodeterioration of the metal surfaces. In a
previous study, two oil reservoir Bacillus strains (Bacillus
licheniformis T6-5 and Bacillus firmus H2O-1) were shown
to produce antimicrobial substances (AMS) active against
different Bacillus strains and a consortium of sulfate-
reducing bacteria (SRB) on solid medium. However,
neither their ability to form biofilms nor the effect of the
AMS on biofilm formation was adequately addressed.
Therefore, here, we report that three Bacillus strains
(Bacillus pumilus LF4—used as an indicator strain, B.
licheniformis T6-5, and B. firmus H2O-1), and an oil
reservoir SRB consortium (T6lab) were grown as biofilms

on glass surfaces. The AMS produced by strains T6-5 and
H2O-1 prevented the formation of B. pumilus LF4 biofilm
and also eliminated pre-established LF4 biofilm. In addi-
tion, the presence of AMS produced by H2O-1 reduced the
viability and attachment of the SRB consortium biofilm by
an order of magnitude. Our results suggest that the AMS
produced by Bacillus strains T6-5 and H2O-1 may have a
potential for pipeline-cleaning technologies to inhibit
biofilm formation and consequently reduce biocorrosion.
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Introduction

Biofilms are cells attached to a surface and encased in an
exopolysaccharide matrix forming a structured community
(Hamon and Lazazzera 2001). Most bacteria can attach to
surfaces efficiently when they are viable and in a
metabolically active state (Jayaraman et al. 1997). A variety
of Bacillus species have been shown to form biofilms on
metal surfaces and produce elaborate multicellular commu-
nities that display conspicuous architectural features, such
as fruiting-body-like aerial projections that extend from the
biofilm surface (Branda et al. 2004). The top or base of
the biofilm has the highest cell density, and water
channels often exist for the transport of nutrients and
waste (Ren et al. 2002). In addition, some Bacillus
species produce highly hydrophobic spores that adhere
firmly to various inert substrata. Once this first step of
adhesion has been completed, colonization may occur
when environmental conditions become favorable to spore
germination (Branda et al. 2004; Faille et al. 2001). In the
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petroleum industry, biofilm formation is usually accom-
panied by deterioration of metal surfaces of process
equipment and pipelines. This biological deposit can
drastically modify the corrosion behavior of structural
metals and allows enhanced localized alterations in the
type and concentrations of specific ions, pH, and oxygen
levels (Almeida and de França 1998; Videla 2002). Jack et
al. (1992) demonstrated a significant increase in corrosion
rates of carbon steel in a continuously flowing freshwater
reactor where a biofilm of Bacillus and sulfate-reducing
bacteria (SRB) was observed. SRB have been extensively
implicated in biocorrosion processes, primarily because of
hydrogen sulfide generation. Furthermore, the presence of
SRB can result in health and safety risks to workers
(Gardner and Stewart 2002).

The nature of the biofilm structure and its formation
result in a significant resistance to cleaning of industrial
surfaces. Conventional methods of biofilm control and
removal are generally inadequate against biofilm-forming
bacteria in these industrial settings. The exopolysaccharide
matrix secreted by the cells is considered to reduce the
effectiveness of biocides by decreasing biocide penetration
into the biofilm, and by providing alternative non-lethal
biocide reaction sites. Attempts to circumvent this problem
have focused on using very high concentrations of biocides
which may in turn cause secondary environmental hazards
(Jayaraman et al. 1999). Antimicrobial agents may also
achieve effectiveness in an indirect way, by stopping
growth and allowing natural detachment process to remove
the biofilm (Chen and Stewart 2000).

In a previous study (Korenblum et al. 2005), three strains
isolated from a Brazilian oil reservoir, Bacillus subtilis
(LFE-1), Bacillus firmus (H2O-1), and Bacillus lichen-
iformis (T6-5), were shown to produce antimicrobial
substances (AMS). These AMS inhibited the growth of
different Bacillus strains, including Bacillus pumilus strain
LF4, which was chosen as the indicator strain for the
inhibitory tests. Two of these strains (T6-5 and H2O-1) also
inhibited an SRB consortium (named T6lab, isolated from
the same Brazilian oil reservoir) in agar-containing medi-
um. These AMS showed to be stable in a wide range of
temperature and pH. The AMS produced by strains H2O-1
was resistant to high temperatures (100°C for 1 h) while the
AMS produced by T6-5 remained active even after being
autoclaved. Furthermore, both AMS were stable in acid and
alkaline pH (3.5–9.5). AMS produced by B. licheniformis
T6-5 was detected on the second day of growth, when the
number of spores had increased. The production of AMS
by B. firmus H2O-1 was detected during the first day and
was stable throughout the rest of the growth cycle. This
antimicrobial activity seems to be induced under non-
sporulating conditions as a secondary metabolite. Commer-
cial proteolytic enzymes tested were not able to modify the

antimicrobial activity presenting in the culture supernatants
of the two producer strains. According to the SDS-PAGE
analysis, the T6-5 AMS showed an inhibitory zone related
to a region of ca. 20 kDa. However, H2O-1 AMS inhibitory
zones were related to a region of high molecular mass (90–
120 kDa). Nevertheless, in those studies, experiments
focused on biofilm formation were not performed. There-
fore, in the present study, we report on biofilm formation by
the different strains studied and on the inhibitory effect of
AMS produced by strains T6-5 and H2O-1 against biofilms
of B. pumilus strain LF4 and T6lab SRB consortium. The
use of indigenous bacteria for combating undesirable
bacterial colonization in oil production facilities is an
important step in the control of unwanted biofilm formation
in process equipment.

Materials and methods

Bacterial strains and growth conditions

Bacillus licheniformis strain T6-5, B. firmus strain H2O-1
and B. pumilus strain LF4 were originally isolated from an
oil reservoir in Brazil and are described in detail elsewhere
(Korenblum et al. 2005). These strains were grown at 30°C
for 18 h in Luria–Bertani broth (LB) containing 10 g
tryptone, 5 g yeast extract, 5 g NaCl per liter of distilled
water, pH 7.0–7.2. The T6lab SRB consortium, also
obtained from the same oil reservoir in Brazil (Korenblum
et al. 2005), was grown at 30°C in VM medium I
(Zinkevich and Beech 2000) purged with a N2 flux to
achieve anaerobiosis. Cultures were maintained in long-
term storage by freezing at −20°C.

Preparation of Bacillus biofilms

Biofilms of Bacillus strains (LF4, T6-5 and H2O-1) were
prepared by inoculating circular glass cover slides with a
mid-log phase culture (106 cells/ml) grown in LB medium.
Before each experiment, the surface of the glass cover
slides (13 mm diameter and 1.2 mm thick) was treated with
a cleaning solution (40 g potassium dichromate, 400 ml
distilled water, 40 ml sulfuric acid), rinsed thoroughly with
distilled water and with 70% ethanol in water, rinsed again
with distilled water, and autoclaved before use. The device
for biofilm formation was a 24-well-plate with a glass cover
slide in each well. Two milliliters of the cell suspension was
added to each well, covering the glass surfaces, and were
incubated at 30°C for 24 h. Three glass slides were
removed every 2 h (up to 12 h) and one last sampling
was analyzed at 24 h. The glass slides were rinsed three
times with PBS (phosphate buffer saline) before biofilm
cells enumeration.
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Enumeration of attached Bacillus cells

Biofilm cells were enumerated (30 fields) using DAPI
0.1 mg/ml (4′,6-diamidino-2-phenylindole) or acridine
orange 30 mg/ml for direct counts in a fluorescence
microscope (Zeiss Axioplan 2).

Treatment of LF4 biofilm with the antimicrobial substances
(AMS) produced by B. licheniformis T6-5 and B. firmus
H2O-1

Two different approaches were used to test the efficacy of
the AMS produced by B. licheniformis T6-5 and B. firmus
H2O-1. The first approach analyzed the effect of the AMS
on biofilm formation. For this purpose, the AMS produced
by strains T6-5 and H2O-1 were added separately (2 ml) in
a 24-well-plate containing one glass cover slide per well.
The production of AMS was carried out as described by
Korenblum et al. (2005). The LB medium was used to grow
the producer strains for 96 h. After incubation of the two
producer strains, each culture was then centrifuged
(12,000 g, 20 min) and the supernatants (crude prepara-
tions) filtered in 0.45 μm pore filters (Millipore, São Paulo,
Brazil). The filtrates were lyophilized and resuspended (to a
10-fold concentration) in LB. Activity was determined by
the highest dilution giving a halo. Arbitrary units (AU) per
milliliter were defined as the reciprocal of the greatest dilution
of the supernatant that showed a zone of inhibition ×1,000,
divided by the volume of supernatant applied on the spot. The
AMS were added in each well at ca. 3,000 AU/ml. A mid-log
phase culture of strain LF4 was also inoculated (106 cells/ml)
in the 24-well-plates containing one glass cover slide per
well and adherence was observed every 2 h up to 12 h of
incubation. The sampling and enumeration were performed
as described above.

The second approach aimed to evaluate the sensitivity of
a pre-established LF4 biofilm to each AMS. Biofilms of
LF4 were grown on the glass cover slides, and after 6 h
of incubation the LB medium was removed and fresh LB
was added to the wells together with the AMS produced by
the strains T6-5 and H2O-1. Two controls were performed
in parallel: (a) the LB medium was not removed and no
AMS was added and (b) fresh LB without AMS was added
to the wells. Following 18-h incubation period in the
presence of AMS, three cover slides were sampled every
2 h. Again, the slides were washed three times in sterile
PBS, and cells were enumerated as described above. These
slides were also analyzed by scanning electron microscopy
(SEM). The slides were rinsed with sterile distilled water
and fixed with 2.5% glutaraldehyde (w/v) in 0.1 M
cacodylate buffer (pH 7.6) for 2 h. The slides were rinsed
three times with the buffer, dehydrated in an acetone series
(35–100%, seven steps, 10 min each), critical point dried

and gold coated. The slides were examined with a scanning
electron microscope (DSM-940, Zeiss).

Preparation of SRB biofilm

SRB biofilm was grown on borosilicate glass coupons
(12.7 mm diameter and 1.5 mm thick—BioSurface Tech-
nologies Corporation, Bozeman, MT), which were soaked
in 70% ethanol for 30 min, rinsed with distilled water and
autoclaved before use. The coupons were fitted into a
continuous flow bioreactor (BioSurface Technologies Cor-
poration, Bozeman, MT) which was used to grow the T6lab
SRB consortium, forming an anaerobic biofilm. Twenty
four borosilicate glass coupons were inserted into the
reactor and the entire system was autoclaved before use.
The sterile VM medium I (Zinkevich and Beech 2000;
400 ml) introduced into the reactor was purged for 3 h with
filtered (0.2 μm) ultra-pure N2 to achieve anaerobiosis. A
mid-log phase planktonic culture of T6lab SRB consortium
was used to inoculate the biofilm reactor. This system was
incubated in batch mode for 20 h at 30°C, at which time
continuous flow was initiated (1 ml/min) and SRB biofilms
were grown for 4 days. A continuous sterile ultra-pure N2

purge was carried out at a flow rate of 200 ml/h. Coupons
were removed aseptically from the reactor in an anaerobic
chamber and placed inside a 24-well-plate for subsequent
testing, staining, and bacterial counting. The surface of the
coupon was aseptically scraped with a sterile spatula and
the material suspended in 10 ml of sterile PBS solution
flushed with N2. The cell number in the suspension was
determined by most probable number (MPN; Hamilton
1985).

Treatment of the SRB biofilm with the antimicrobial
substance produced by H2O-1

To observe the effect of AMS produced by strain H2O-1
against a pre-established SRB biofilm, borosilicate glass
coupons were subjected to this AMS using a 24-well-plate
for 24 h at room temperature inside the anaerobic chamber.
Negative controls did not contain AMS. After 24 h, the
AMS was removed by pipetting it out from the wells and
the coupons were washed three times with sterile PBS
solution flushed with N2, before staining and bacterial
counts were performed.

Confocal scanning laser microscopy

T6lab SRB consortium biofilms treated with AMS H2O-1
and the control coupons were stained with a Live/Dead
BacLight fluorescence kit (L-7007; Molecular Probes,
Eugene, OR, USA) for 30 min in the anaerobic chamber,
washed three times with distilled water, and flushed with
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N2. Stained biofilms were observed with a confocal
scanning laser microscope (Leica DMRXE, Leica Micro-
systems. Wetzlar GmbH, Germany) equipped with a 63×
water immersion objective lens. A 488-nm argon laser and
a 561-nm krypton laser were used to collect the fluorescent
microbial image.

Statistical analysis

All studies on biofilm formation were performed in
triplicate. Total counts obtained by cell epifluorescent
microscopy were averages of 30 counts. Results were
expressed as mean values and the standard deviation was
given as required.

Results

Biofilm formation by Bacillus strains

The three strains tested (Bacillus licheniformis T6-5, B.
firmus H2O-1 and B. pumilus LF4) adhered to the glass
cover slides and formed biofilms. As shown in Fig. 1, after
5 to 6 h of incubation, all three strains reached the
maximum adhesion concentration (ca. 105 cells/mm2). The
surface concentration of adhered cells at 6 h of biofilm
formation was approximately two orders of magnitude
higher than the number of cells attached at the first time
point analyzed, indicating that this increase in the number
of attached cells might be a result of the division of the
adhered cells and primarily a consequence of attachment of
planktonic cells. No additional increase in the number of
sessile cells was observed at later time points. A severe
decrease in the number of attached H2O-1 cells (less than
ten attached cells/mm2) was observed after 8 h of

incubation. The other two strains showed about 104

attached cells/mm2 after 24 h, when they have already
reached the stationary phase.

Inhibitory activity of the AMS produced by strains T6-5
and H2O-1 against biofilm formation

Without the addition of AMS, strain LF4 remained adhered
to the glass cover slides during the 24 h of the experiment.
On the other hand, when either the AMS T6-5 or AMS
H2O-1 was introduced to the wells, the initial attached LF4
cell number decreased immediately (Fig. 2). However, the
effect of the two AMS on the LF4 attachment profile varied
considerably (Fig. 2). The AMS H2O-1 appeared to act
more quickly than AMS T6-5. Nevertheless, after 12 h of
incubation, no adhered cells were observed after the
treatment with either AMS (Fig. 2).

Removal of the pre-established LF4 biofilm

To test the efficacy of AMS against a pre-established
biofilm, B. pumilus LF4 was grown for 6 h on glass cover
slides. After this growth period, fresh LB broth was added
with and without AMS. As shown in Fig. 3, both AMS
substances were very effective at removing LF4 biofilm. A
98.2% reduction in the biofilm cell counts was observed
after the first 2 h of contact with both AMS. Thereafter, the
pre-established biofilms were completely removed. From
the fourth hour to the end of the experiment, no attached
cells were observed when LF4 was treated with H2O-1
AMS; however, with T6-5 AMS cells appeared to attach
and detach during the first 12 h of the experiment. After
12 h, no cells were observed to attach (Fig. 3).

The biofilms used as controls were incubated without
AMS. The control, where fresh LB was added, not only did
the cells stay attached, but they showed approximately 1
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Fig. 1 Biofilm formation by Bacillus strains. Cell concentration of
different Bacillus strains in the single-species biofilm formed on the
glass cover slide over time: LF4 (filled diamond), H2O-1 (filled
square) and T6-5 (empty upright triangle). Each data point is an
average of the result obtained in three glass cover slides, and error
bars indicate the standard error
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Fig. 2 Inhibitory activity of the AMS produced by strains T6-5 and
H2O-1 against biofilm formation. Cell concentration of Bacillus strain
LF4 in the biofilms formed on the glass cover slides over time. LB
broth (control without AMS, filled diamond), LB broth with AMS T6-
5 (filled square) and LB broth with AMS H2O-1 (empty upright
triangle). Each data point is an average of the result obtained in three
glass cover slides, and error bars indicate the standard error
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log increase in the number of attached cells (Fig. 3). This
result was confirmed by observation using scanning
electron microscopy. Figure 4a shows a 6 h-LF4 biofilm
with the addition of fresh LB medium. Besides this control,
another control was done without adding new medium
(Fig. 4b), which shows many cells with an empty
cytoplasm, possibly lysed from the scarcity of nutrients,
since the medium was not renewed. In Fig. 4c, the spent LB
medium was exchanged for fresh LB after 6 h of biofilm
growth. The cells appeared to remain intact and formed a
developed biofilm. Filamentous structures could be ob-

served connecting the cells forming a multilayer cell
complex, suggesting the presence of extracellular polymeric
substance. In this condition, the fresh LB-enhanced cell
viability and the maintenance of the biofilm structure.
However, when AMS was added, as shown in Fig. 4d, no
cells were observed on the glass surface after 18 h of
contact with the pre-established biofilm.

Inhibitory activity of the AMS produced by strain H2O-1
against T6lab SRB biofilm formation

The capability of T6lab SRB cells to adhere to borosilicate
coupons was tested in a continuous flow system. Scanning
confocal laser images of biofilms stained with Live/Dead
Baclight (Fig. 5a) show that the maximum biofilm
thickness observed in the SRB culture was 240 μm above
the glass surface. With the highest fluorescence intensity at
a biofilm depth of approximately 100 μm, it can be seen, in
Fig. 5a, that the SRB consortium maintained a higher cell
density away from the glass surface, above a dispersed base
of underlying cells. The biofilm covered the surface fairly
homogenously; green cells were dominant, indicating cell
viability. However, reddish dead cells were also present as
clusters. The maximum fluorescence intensity of the red
clusters was three times lower than the green stained cells.
The MPN technique showed that the scraped biofilm
reached ca. 2.4×107 culturable cells/mm2.

Fig. 4 Scanning electron mi-
croscopy images of LF4 bio-
film. a 6-h pre-established
biofilm, bar 5 μm; b 24-h
biofilm, bar 1 μm; c 6-h pre-
established biofilm added with
fresh LB broth and re-incubated
for more 18 h, bar 5 μm;
d 6-h pre-established biofilm
treated with AMS T6-5, bar
2 μm
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Fig. 3 Removal of the pre-established LF4 biofilm. Cell concentra-
tion of Bacillus strain LF4 in the biofilms formed on the glass cover
slides over time. LB broth (control, filled diamond), fresh LB broth
(control without AMS, filled square), fresh LB broth with AMS H2O-
1 (filled circle) and fresh LB broth with AMS T6-5 (filled upright
triangle). Each data point is an average of the result obtained in three
glass cover slides, and error bars indicate the standard error
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Using confocal scanning laser microscopy, it was observed
that the pre-established SRB biofilm was drastically reduced
using the H2O-1 AMS. Figure 5b shows that total (red and
green) fluorescence intensity decreased approximately 94%
compared with the non-treated biofilm (Fig. 5a), indicating
that cellular vitality and cell number were significantly
reduced. Both greenish and reddish cells were present as
clusters in the treated biofilm. Although the reduction in
fluorescence intensity was observed, it cannot be correlated
with the removal of the polysaccharide matrix from the
borosilicate coupon, since the treated biofilm thickness did
not change when compared to the control biofilm.

Discussion

Different studies have already shown that Bacillus strains
are capable of forming biofilms on glass surfaces and can

produce antimicrobial compounds (Hamon and Lazazzera
2001; Kearns et al. 2004; Korenblum et al. 2005; Li and
Logan 2004). The data obtained here showing that Bacillus
licheniformis T6-5, B. firmus H2O-1, and B. pumilus LF4
can form biofilms corroborate with those observations.
Bacillus strains are found in great number in a variety of
biofilms where these strains survive desiccation or other
environmental stresses, while there are sufficient nutrients
present to support metabolic activity (Hamon and Lazazzera
2001; Kearns et al. 2004; Li and Logan 2004). One can
speculate that AMS-producing Bacillus strains are more
competitive than non-producing strains within a biofilm.

A number of methods have been proposed for controlling
biofilm formation in different oil production facilities,
including the use of biocides as glutaraldehyde, anthraqui-
none, and tetrakishydroxymethylphosphonium sulfate
(THPS; Cooling et al. 1996; Gardner and Stewart 2002).
However, over time the efficacy of these biocides may be
questionable as cases of microbial resistance have already
been reported (Gardner and Stewart 2002), and also they
may be a risk to human health and the environment. In the
oil industry, as different AMS-producing Bacillus species are
discovered and characterized, these biocide alternatives can
be integrated into treatment strategies to prevent colonization
of disadvantageous bacteria and subsequent biofilm forma-
tion. These cleaning strategies may eliminate the need for
high biocide doses in favor of biosynthetic alternatives.

In the search for inhibitory substances, many authors
have worked with wild or genetically modified strains,
aiming at producing compounds effective against biofilm
formation and biocorrosion (Jayaraman et al. 1999; Örnek
et al. 2002; Zuo and Wood 2004). Ren et al. (2002) have
previously shown the inhibition of planktonic growth of a
Bacillus strain by 40 μg/ml furanone. However, they did
not succeed in completely preventing biofilm formation on
metal surface. Therefore, new AMS producer strains are
still required for application in different environments, such
as a petroleum reservoir. In this study, the effectiveness of
the AMS produced either by B. lichenifornis T6-5 or B.
firmus H2O-1 was demonstrated by the inhibition of biofilm
formation and by the removal of the pre-established 6-
h biofilm formed by the strain LF4 on glass surface. This
surface was chosen to avoid the formation of corrosion
products that might interfere in microscopic visualization.
Li and Logan (2004) have already compared different
surfaces (glass and metallic surfaces) and observed that
there was no significant (P=0.26) effect of surface
roughness on bacterial adhesion.

Industrial cleaning procedures should take into account
the remaining cell debris after biofilm removal, as a
remaining biofilm may facilitate subsequent attachment of
unwanted microorganisms. The final outcome of a biofilm
removal procedure should be assessed by the number of

Fig. 5 Confocal scanning laser microscopic analysis. Graphs of
threshold area versus depth in an SRB consortium biofilm a untreated
and b treated with AMS H2O-1. Depicted in the lower right corner of
each graph, maximum intensity projection images (all confocal
sections in a single field of view) of x–y optical sections of SRB
biofilms a untreated and b treated with AMS H2O-1. Scale bar 30 μm
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cells remaining viable after a treatment and by assaying cell
residue on the cleaned surface (Parkar et al. 2004). Gardner
and Stewart (2002) showed that glutaraldehyde, a commer-
cial biocide commonly used by petroleum industries,
suppressed the activity of SRB at a concentration of
100 mg/l. However, they also showed that the biofilm
thickness did not change significantly, indicating incom-
plete biofilm removal. Besides that, corrosion may be
greater than before due to remaining cells and residues.
Fang et al. (2002) also demonstrated that the degree of
corrosion increased significantly when SRB biofilms were
exposed to toxic metals and chemicals, since treatment did
not inhibit biofilm growth on the test coupons. In the
present study, crude extracts of the two AMS tested were
shown to be efficient for inhibiting and completely
removing a B. pumilus strain LF4 biofilm. The H2O-1
AMS also significantly reduced the SRB biofilm (Fig. 5),
but did not completely remove all cell matter. A longer
treatment time or a more purified AMS may be required for
achieving complete removal of an existing SRB biofilm.

Finally, the present study demonstrated the ability of
AMS produced by B. firmus H2O-1 and B. licheniformis
T6-5 strains to prevent colonization, remove existing
biofilms, and impact biofilm structure. These results
suggest that the AMS studied here may have applications
in preventing biofilm formation and then we contemplate
potential efficacy in reducing biocorrosion.
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