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Peixoto sulfate reducing bacteria biofilm formation was six-fold smaller in carbon steel coupons

treated with the antimicrobial substance when compared to the untreated control. A reduc-

tion in the most probable number counts of planktonic cells of sulfate reducing bacteria

I;fx:g,is;ces was observed after treatments with the sub-minimal inhibitory concentration, minimal
Antimicrobial substance inhibitory concentration, and supra-minimal inhibitory concentration of the antimicro-
Biofilm bial substance. Additionally, when the treated coupons were analyzed by scanning electron
Biocorrosion microscopy, the biofilm formation was found to be substantially reduced when the supra-

minimal inhibitory concentration of the antimicrobial substance was used. The coupons
used for the biofilm formation had a small weight loss after antimicrobial substance treat-
ment, but corrosion damage was not observed by scanning electron microscopy. The absence

Sulfate reducing bacteria

of the dsrA gene fragment in the scraped cell suspension after treatment with the supra-
minimal inhibitory concentration of the antimicrobial substance suggests that Desulfovibrio
alaskensis was not able to adhere to the coupons. This is the first report on an antimicrobial
substance produced by Streptomyces active against sulfate reducing bacteria biofilm forma-
tion. The application of antimicrobial substance as a potential biocide for sulfate reducing
bacteria growth control could be of great interest to the petroleum industry.
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Introduction

Biofilms are microbial communities of surface-attached cells
embedded in a self-produced extracellular polymeric matrix.!
In the petroleum industry, the formation of biofilms on carbon
steel causes many problems, such as pipe clogging, biofouling
of the distribution systems and generating microbiologi-
cally influenced corrosion (or biocorrosion).”* Biocorrosion
is an electrochemical process in which microorganisms ini-
tiate, facilitate, or accelerate a corrosion reaction on a metal
surface.” It is a well-documented phenomenon and produces
a deterioration of petroleum product pipelines and stor-
age tanks.® Previous studies have emphasized the economic
importance of undesirable microbial growth for the petroleum
industry.” It has been estimated that 40% of all internal
pipeline corrosion in the petroleum industry can be attributed
to biocorrosion.” The main bacteria involved in these harm-
ful processes in petroleum industries are the sulfate reducing
bacteria (SRB).%'? These bacteria may lead to the biodegrada-
tion of the metal surfaces of tanks and pipes through biofilm
formation.!?

In petroleum industries, biocides, such as chloride, glu-
taraldehyde and quaternary ammonium salts, are used for
controlling and inhibiting SRB growth.* However, the appear-
ance of biocide-resistant bacteria and the difficulty of biocides
in penetrating the biofilms present serious problems. In addi-
tion, the residual concentration, toxicity and persistence of
biocides in industrial effluents are of high environmental
concern.'? For these reasons, alternative sources for SRB con-
trol are of great interest to the petroleum industry.’'® One
alternative method to control SRB growth with a reduced
environmental impact is the use of antimicrobial substances
produced by microorganisms.

Actinobacteria are biotechnologically valuable
bacteria.'”’'® The bioactive secondary metabolites pro-
duced by Actinobacteria are of clinical use and include
antibiotics, antitumor agents, immunosuppressive agents
and enzymes.'>?° Among the Actinobacteria, approximately
7600 compounds are produced by Streptomyces species.’’ An
antimicrobial substance (AMS) produced by strain 235 of S.
lunalinharesii, which was originally isolated from a tropical
Brazilian soil, was previously shown to inhibit the growth
of Desulfovibrio alaskensis NCIMB 13491.%? This antimicrobial
substance showed to be stable at a variety of temperatures
and in a wide pH range.?” In this study, for the first time, the
effects of the AMS produced by S. lunalinharesii strain 235 on
the formation and stability of the D. alaskensis NCIMB 13491
biofilm on carbon steel surfaces and the consequences of
AMS treatment on biocorrosion were evaluated.

Materials and methods
Bacterial strains and growth conditions

The Actinobacteria Streptomyces lunalinharesii strain 235 used
in this study was originally isolated from soil of the Atlantic
Forest (Rio de Janeiro, Brazil)”® and was identified by our
group.?? It was previously selected as a promising agent for
the production of AMS against different microbial strains,?>?°

including aerobic and anaerobic bacteria involved in biocorro-
sion processes.?” This strain was grown in yeast extract-malt
extract-agar (YMA)?® under aerobic conditions at 28°C for 7
days.

The sulfate reducing bacterium Desulfovibrio alaskensis
NCIMB 13491 was isolated from a soured oil reservoir’’ and
grown in Postgate C medium®! at 30°C for 3 days, in anaero-
bic conditions using sealed serum bottles (10 mL). The bottles
were purged with a N flux to achieve anaerobiosis.

Production of the antimicrobial substance (AMS)

Concentrated supernatant containing the AMS produced by
strain 235 was obtained as described by Rosa et al.?? Briefly, a
spore suspension (108 spores/mL) was inoculated in 50 mL of
liquid chemically defined medium containing glucose?® at pH
7.0. After 7 days of incubation at 28 °C in stationary conditions,
5mL of the culture was transferred into 2000 mL Erlenmeyer
flasks containing 500 mL of the same liquid medium. After 7
days of incubation under the same conditions, the resulting
supernatant was filtered through filter paper (Whatman n° 1),
and the filtrate lyophilized (Free Zone 4.5) and resuspended
in sterile Milli Q water (1.6 mL). The concentrated supernatant
containing the AMS was used in the following experiments.

Short-term tests — the effect of AMS on the biofilm
formation and stability

The short-term action of AMS on the D. alaskensis biofilm was
evaluated during biofilm formation and after its formation, to
evaluate its stability. The tests were conducted as described by
Clark et al.?® with some modifications. Petri dishes (5 cm) con-
taining a single carbon steel coupon (10 mm x 10 mm x 2 mm)
were filled with AMS (0.5 mL), a reducing solution (0.5 mL) con-
taining sodium thioglycolate 0.0124%, ascorbic acid 0.01% and
resazurin 0.4% (pH 7.5) and a cell suspension of D. alasken-
sis grown in Postgate C medium (107 cells/mL, 1.0 mL). When
testing the effect of AMS on the biofilm formation, AMS
was introduced at the same time as the cell suspension, as
described above. However, when testing the effect of AMS on
the biofilm stability, the AMS was inoculated only after biofilm
formation. In this case, Petri dishes containing the carbon
steel coupon were filled solely with the cell suspension of D.
alaskensis grown in Postgate C medium (107 cells/mL, 2.0mL)
and incubated for 24 h. Afterwards, the cells were removed,
and 1 mL of the reducing solution and 1 mL of AMS were added.
Prior to beginning the experiments, the coupon surfaces were
treated with a sandblasting technique, cleaned in 18% HCI,
and neutralized by immersion in a sodium bicarbonate solu-
tion. Finally, the coupons were washed with distilled water,
rinsed in acetone, and dried in an air stream.!> As an experi-
mental control, Petri dishes containing the reducing solution
and the cell suspension of D. alaskensis were used. After 7 days
of incubation at 32°C, the liquid mixture was removed and
the coupons were rinsed 3 times in the reducing solution. The
coupons were then submerged in a crystal violet dye (0.1%)
for 10 min, rinsed 3 times in Milli Q water and destained in an
ethanol/acetone solution (80:20, v/v) for 20 min. The destained
solution was measured spectrophotometrically at ODsgo. The
original planktonic cell suspension was measured at ODgp,
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and the ratio of ODsgy to ODgog Was calculated to determine
relative biofilm formation and/or stability.

All inoculation and incubation procedures were conducted
in an anaerobic chamber (Plas Labs, Lansing, MI, USA), and all
experiments were performed in triplicate.

Long-term tests — evaluation of AMS treatment during
biofilm formation and its effects on biocorrosion

Two long-term experiments were conducted. The first (Test
1) aimed to analyze the effect of AMS during D. alaskensis
biofilm formation. The second (Test 2) evaluated the effects
of AMS on the D. alaskensis-produced biocorrosion of a car-
bon steel coupon (10 mm x 10 mm x 2 mm). Prior to beginning
the experiments, the coupon surfaces were sandblasted and
cleaned as described by Nemati et al.'?

The experiments were performed in sealed serum bottles
(10mL) containing a single carbon steel coupon, an SRB cell
suspension (107 cells/mL, 0.2mL) and different amounts of
AMS (0.05, 0.03, 0.01g protein/mL, 1mL) diluted in Postgate
C medium, in order to obtain successive AMS dilutions (of
1/2, 1/4, 1/8). The AMS dilutions corresponded to the supra-
MIC (Minimal Inhibitory Concentration) (2x MIC), the MIC and
the sub-MIC (0.5x MIC) and were determined by our group.?
Serum bottles containing only Postgate C medium and serum
bottles containing Postgate C medium and a cell suspension of
SRB were used as the experimental controls. The experiments
were performed in triplicate under anoxic conditions, incu-
bated with stirring (50 rev/min) and maintained at 32°C. After
30 days of incubation, the coupons were removed aseptically
from each experiment inside a sterile laminar flow hood and
used for imaging, cell counts and molecular analyses.

All inoculation and incubation procedures were conducted
in an anaerobic chamber, and the experiments were per-
formed in triplicate.

Scanning electronic microscopy (SEM) of the biofilms

To visualize biofilm formation by SEM (Test 1), the coupons
were rinsed with a synthetic seawater solution (NaF 0.003%,
SrCl,.6H,0 0.002%, HsBOs; 0.03%, KBr 0.1%, KCl 0.7%,
CaCly 1.113%, NaySO4 4%, MgCl,-6H,0 10.78%, NaCl 23.5%,
NaSi0O3-9H,0 0.02%, NayEDTA 0.01% and NaHCO3 0.2%, pH 7.5),
fixed with 2.5% glutaraldehyde (w/v) in 0.1 M cacodylate buffer
(pH7.2) and keptfor 24 h at4°C. Then, the coupons were rinsed
three times with the same cacodylate buffer for 10 min, dehy-
drated in ethanol solutions of increasing concentration (30, 50,
70 and 90%) and washed three times in 100% ethanol for 10 min
at each step. After this step, the coupons were chemically
dried by immersion in a 50% HMDS solution (hexamethyl-
disilazane solvent - Sigma) for 3min.>° Finally, the samples
were mounted on stubs, and coupon surfaces were sputter
coated (Balzers SCD-040) with a 15 nm gold layer. The samples
were then examined with a FEI QUANTA 250 microscope (FEI
Company, Netherlands).

Corrosion tests

The surface corrosion (Test 2) and coupon weight loss were
analyzed. To remove any adherent bacteria, the coupons were

scraped with a sterile wooden stick in sterile glass bottles
with 9mL of a reducing solution. For the weight loss test,
the coupon surfaces were cleaned (washed in acid, neutral-
ized with sodium bicarbonate, rinsed in water and acetone,
and dried in an air stream) as described by Nemati et al.’®
The determination of the exact weight of the coupons was
carried out just before starting and after finishing the experi-
ments. The coupon weight (in grams) was determined by using
an electronic balance (Bioprecisa, model FA2104N). To calcu-
late the weight loss resulting from corrosion, the weight of
the coupon at the end of the experiments and after cleaning
was subtracted from the original weight of the coupon. The
corrosion rate (CR) of carbon steel coupons for each experi-
ment (including the controls) was calculated and is expressed
in mm/year,*! using 7.84 g/cm? as the density of carbon steel.
A two-sample t test was performed on the treated and control
coupons.®? In addition, after the coupon surfaces were scraped
and cleaned,’ they were gold coated and examined by SEM
(FEI QUANTA 250 microscope) to observe their corrosion pat-
terns. The images were acquired at a resolution of 7192 x 3090
pixels.

Most probable number

The most probable number (MPN) technique was performed as
previously described.®? To count the sulfate-reducing bacteria
(SRB), an aliquot (1 mL) of the scraped cell suspension solution
from the coupons (Test 2) described above was used as the
initial inoculum. Decimal dilutions (up to 10~8) were prepared
in a synthetic seawater solution. Aliquots (1mL) from each
dilution were then transferred to Postgate E medium?! in trip-
licate and incubated at 32°C. The MPN was determined using
the MPN Reference Table.?* This experiment was conducted
under anaerobic conditions.

Molecular analysis

The scraped cell suspension from the coupons (Test 2) and
the liquid phase were used to detect the dissimilatory sulfite
reductase (DSR) gene. The presence of the dsrA gene indicates
the presence of the reducing sulfate bacterium D. alaskensis.
The dissimilatory sulfite reductase enzyme catalyzes the six-
electron reduction of (bi)sulfite to sulfide, which is the central
energy-conserving step of sulfate respiration.*

Aliquots (3mlL) of the scraped cell suspension and of
the liquid phase (2mlL) were filtered through a Millipore
membrane (0.45um). The DNA extraction of filtrates was
accomplished using a direct lyses method with a commer-
cial Fast DNA Spin Kit for soil (Bio Systems, Q Bio Gene, USA),
according to the manufacturer’s instructions. The extracted
DNA was visualized on 0.8% (w/v) agarose gels to assess the
DNA integrity and stored at 4 °C prior to use in PCR reactions.

The DNA extracted from the filtrates was amplified
using the primers DSR-1F (5-AC[C/G]CACTGGAAGCACG-3')
and DSR-R (5-GTGGMRCCGTGCAKRTTGG-3'),°%*” which are
specific for the dsrA gene. The 25l reaction mixture con-
tained 1 pl (10ng) of DNA, 1x Taq polymerase buffer (10 mmol
Tris-HCI [pH 8.3], 10 mmol KCl), 0.2 mM of each dNTP, 100 nM
of each primer, 2.5mM MgCl,, 1.25U of Taq DNA poly-
merase (Promega, Madison, USA) and sterile Milli-Q water. The
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amplification conditions were as follows: 1x (15s, 94°C), 30x
(15s, 94°C; 20s 54°C; 54s, 72°C), and 1x (1min, 72°C). Posi-
tive (D. alaskensis strain NCIMB 13491) and negative controls
(without DNA) were run in all amplifications. The PCR prod-
ucts were visualized by electrophoresis on 1.4% agarose gels
stained with ethidium bromide (2 pg/mL).

Results

Short-term tests — the effect of AMS on biofilm formation
and stability

After confirming the inhibitory activity of AMS against D.
alaskensis, the action of AMS on the D. alaskensis biofilm was
assessed by a short-term test. Quantification of the crystal
violet dye retained in the biofilm cells revealed that biofilm
formation was six fold smaller in the coupon treated with AMS
(Ratio ODsgp/ODgoo =0.07) when compared to the untreated
control (Ratio ODsgo/ODggp =0.43) (Fig. 1A). However, it was
observed that AMS had no effect on the biofilm stability of
D. alaskensis, as it was observed that the coupon that was
treated with AMS (Ratio ODsgy/ODgoo =0.16) retained even
more dye than the coupon that received no treatment (Ratio
ODsgo/ODsoo :0.11) (Flg 1B).
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Fig. 1 - Quantification of the crystal violet dye retained in
the biofilm formed by D. alaskensis cells on carbon steel
coupons. The effect of the antimicrobial substance (AMS)
on biofilm formation (A) and on biofilm stability (B) is
shown. The values are expressed as a ratio of the optical
densities of 580 and 600. The coupons treated with AMS
are shown in the left of each graphic.

The coupons treated with AMS, obtained from both tests,
were visually different. The coupon obtained from the first test
remained clean without any blackish deposits (Fig. 1A, insert).
However, the coupon obtained from the second test was cov-
ered in blackish deposits, suggesting iron sulfide formation
and therefore the presence of D. alaskensis growth (Fig. 1B,
insert).

Long-term tests — evaluation of the effects of AMS
treatment during biofilm formation and on biocorrosion

Two experiments (Test 1 and Test 2) were carried out to evalu-
ate the effects of AMS on D. alaskensis biofilm formation and on
biocorrosion of the coupon surface. At the end of both exper-
iments, the liquid phases of the experiments containing the
1/4 and 1/8 AMS dilutions and the control cells experiments
were blackish, suggesting iron sulfide formation and there-
fore the presence of D. alaskensis. However, in the experiments
containing the 1/2 dilution of AMS (0.05 g protein/mL) and the
control without cells, the liquid phases maintained their yel-
lowish color. The SEM comparison between the AMS-treated
coupons, the blank coupons without cells (Fig. 2A) and the con-
trol cells with biofilm growth (Fig. 2B) shows that the biofilm
was substantially reduced in the coupons treated with supra-
MIC (1/2 of AMS) (Fig. 2C). However, the coupons treated with
MIC (1/4 dilution of AMS) and sub-MIC (1/8 of AMS) (Fig. 2D
and E, respectively) were not affected, and biofilms were sub-
sequently formed.

Corrosion tests

Smaller corrosion rates (CR) were observed on the coupons
treated with supra-MIC (the 1/2 dilution of AMS), MIC (the 1/4
dilution of AMS) and sub-MIC (the 1/8 dilution of AMS) (0.27,
0.28 and 0.21 mm/year, respectively) when compared with the
control cell experiment (0.38 mm/year). However, these differ-
ences were not statistically significant (p>0.05). Additionally,
the corrosion damage on the carbon steel surface was not
observed by scanning electron micrographs after treatment
with AMS and on the control cells (data not shown).

Most probable number

The impact of AMS on the SRB cells present in the biofilms
formed on the coupons from Test 2 were determined using
the most probable number (MPN) estimation of the SRB cells
(Fig. 3). Biofilm samples from the control cell coupons indi-
cated that the SRB counts were approximately 103 cells/mL.
The numbers of SRB cells decreased after treatment with AMS.
After treatment with MIC and sub-MIC concentrations of AMS
(the 1/4 and 1/8 dilutions of AMS, respectively) the SRB counts
were approximately 102 cells/mL. In addition, after treatment
with supra-MIC of AMS (dilution 1/2) SRB counts were not
detectable.

Molecular analysis
A PCR using primers specific for the dsrA gene, encoding the

dissimilatory sulfite reductase enzyme, was used to evaluate
the effects of AMS on the D. alaskensis cells from the scraped
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Fig. 2 - Scanning electronic microscopy (SEM) micrographs showing the coupons treated with different concentrations of
the antimicrobial substance (AMS). Blank coupons - without biofilm formation (A); control - coupons not treated with AMS
(B); coupons treated with supra-Minimal Inhibitory Concentration (MIC) of AMS (C); and coupons treated with MIC (D) and

sub-MIC of AMS (E). Scale bars represent 100 pm.

cell suspension and the liquid phase (Test 2). According to
Fig. 4a, in the liquid phase, a fragment with the expected size
(approximately 200 bp) was observed after treatment with the
supra-MIC, MIC and sub-MIC concentrations of AMS. How-
ever, in the scraped cell suspension (Fig. 4b), a fragment with
the expected size was not detected after treatment with the
supra-MIC of AMS. These results suggest that D. alaskensis
could either be absent, or present at quantities below the PCR
detection limit, after treatment with the lowest dilution (1/2)
of AMS.

1.00E+04

1.00E+03

1.00E+02

Log;,(SRB MPN/ml)

1.00E+01

1.00E+00

Control Supra-MIC (1/2) MIC (1/4) Sub-MIC (1/8)

Fig. 3 — Most probable number (MPN) of sulfate reducing
bacteria (SRB) after the treatment of the coupons with the
Minimal Inhibitory Concentration (MIC - 1/4), supra-MIC
(1/2) and sub-MIC (1/8) dilutions of AMS. The controls did
not receive any treatment.

Discussion

The present study examined the effects of AMS produced
by S. lunalinharesii strain 235 on the formation and stabil-
ity of SRB biofilms and on the biocorrosion of carbon steel
coupons caused by these bacteria. Biocides are traditionally
used to control biofilm formation; however, the environmen-
tal impact and cost of using these compounds should be
considered. Streptomyces are the prime producers of bioactive
compounds for the biotechnology industry. Several clinically
significant antibiotics, as well as other widely used drugs tar-
geting common diseases, have been derived from this unique
genus affiliated with the order Actinomycetales.’® The AMS
produced by S. lunalinharesii strain 235 has already been shown
to inhibit the growth of SRB.?? However, further studies on this
AMS had not yet been conducted. Several experiments in the
present study have demonstrated that the AMS produced by S.
lunalinharesii 235 is also able to affect the biofilms of SRB, a bac-
terial group involved in biofilm formation and pipe corrosion
in the oil industry.

Since crystal violet staining was first described by Chris-
tensen et al.,* it has been modified to increase its accuracy
and to allow biofilm biomass quantification.*® Crystal vio-
let is a basic dye which binds to negatively charged surface
molecules and polysaccharides in the extracellular matrix.*!
Crystal violet dye was used for the quantification of cells
remaining in the SRB biofilm after AMS treatment in a seven-
day experiment, and a reduction of about six fold was observed
in the D. alaskensis cells. Consistent with this result, the
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Fig. 4 - Agarose gel electrophoresis showing the PCR fragments (approximately 200 bp) obtained after the amplification with
specific primers for the dsrA gene (encoding the dissimilatory sulfite reductase) of the scraped cell suspension (A) and the
liquid phase (B) treated with Minimal Inhibitory Concentration (MIC), supra-MIC and sub-MIC dilutions of AMS as templates.

coupons remained clean and free of blackish deposits, sug-
gesting the absence of ferrous sulfide production from the
biocorrosive action of D. alaskensis. However, the AMS was not
able to interfere with the stability of the biofilms because when
treating biofilms that had already formed with AMS, no sig-
nificant differences were observed. Using the same method,
Clark et al.?° observed that biofilm formation by Desulfouibrio
vulgaris was inhibited approximately two fold after protease
treatment. Korenblum et al.? also detected a reduction in the
biofilm formation of D. alaskensis after treatment with a plant
essential oil.

In another experiment, when D. alaskensis cells were incu-
bated with different AMS dilutions for 30 days, the influence
of AMS on the biofilm formation was again established. Scan-
ning electron micrographs have shown biofilm formation on
the coupons treated with MIC and sub-MIC concentrations of
AMS; however, on the coupons treated with supra-MIC, the
observed biofilm formation was substantially reduced, con-
firming that higher concentrations of AMS can inhibit biofilm
formation to a significant degree. In addition, the most proba-
ble number counts of SRB were reduced after treatment with
all three dilutions tested. In order to further verify this result,
a more sensible molecular approach was used in the same
experiment, and this approach also supported the efficiency
of AMS in interfering with the biofilm formation of SRB on car-
bon steel coupons. After treatment with the lowest dilution
(1/2) of AMS, the presence of a fragment with the expected
size of the dsrA gene in the liquid phase and the absence of
the same fragment in the scraped cell suspension suggested
that D. alaskensis was unable to adhere to coupons treated
with this dilution of AMS. Our study has revealed that in the

experimental conditions used here, the AMS produced by S.
lunalinharesii was able to slightly reduce the weight loss of the
coupons and thus the amount of biocorrosion. Moreovetr, cor-
rosion damage was not observed using scanning electronic
microscopy. The golden rule in order to avoid biocorrosion in
all industrial systems is to keep the system clean.'* Thus, the
use of AMS, produced by S. lunalinharesii strain 235, to control
SRB biofilm formation would be incredibly useful for preven-
ting metal surface corrosion. However, additional experiments
will be necessary to allow for increased AMS production, so it
can be detected without a supernatant concentration step.
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