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Abstract Sulfide production by sulfate-reducing bacteria
(SRB) is a major concern for the petroleum industry since it is
toxic and corrosive, and causes plugging due to the formation
of insoluble iron sulfides (reservoir souring). In this study,
PCR followed by denaturing gradient gel electrophoresis
(PCR-DGGE) using two sets of primers based on the 16S
rRNA gene and on the aps gene (adenosine-5-phosphosulfate
reductase) was used to track changes in the total bacterial and
SRB communities, respectively, present in the water-oil tank
system on an offshore platform in Brazil in which nitrate treat-
ment was applied for 2 months (15 nitrate injections). PCR-
DGGE analysis of the total bacterial community showed the
existence of a dominant population in the water-oil tank, and
that the appearance and/or the increase of intensity of some
bands in the gels were not permanently affected by the intro-
duction of nitrate. On the other hand, the SRB community
was stimulated following nitrate treatment. Moreover, sulfide
production did not exceed the permissible exposure limit in
the water-oil separation tank studied treated with nitrate.
Therefore, controlling sulfide production by treating the pro-
duced water tank with nitrate could reduce the quantity of
chemical biocides required to control microbial activities.
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Introduction

Souring is one of the main problems in petroleum industry
due to the toxicity and corrosiveness of the sulfide (H,S)
produced by sulfate-reducing bacteria (SRB). In addition, it
lowers the economic value of the produced oil and imposes
safety hazards. Insoluble iron sulfides may also cause plug-
ging of the oil reservoir [3, 8, 16]. A number of methods for
controlling sulfide production in different oil production
facilities have been proposed in order to reduce microbial
activity, including the use of biocides such as glutaralde-
hyde, antraquinone, and tetrakishydroxymethylphospho-
nium sulfate (THPS) [2, 6, 12]. However, the efficacy of
these biocides is usually questionable as cases of microbial
resistance have already been reported [6], and also they
may be a risk to human health and to the environment.

An alternative approach for the control of SRB-sulfide pro-
duction in water-oil systems is the use of repeated injection of
nitrate [4, 11, 20]. The effect of nitrate may cause competition
between SRB and heterotrophic nitrate-reducing bacteria
(NRB) for common electron donors [5], the presence of che-
molithotrophic NRB which not only remove sulfide but also
suppress sulfide formation by the SRB [10], and the direct
inhibition of SRB when nitrite is accumulated during nitrate
reduction by NRB. In addition, some SRB may switch their
energy metabolism to reduce nitrate instead of sulfate [8].

Previous studies based on cultivation of bacteria and also
on molecular techniques have been used to demonstrate
that nitrate introduction to oil fields waters increase the
number of NRB and controls sulfide production [5, 11, 19].
Nucleic acid-based analyses of bacterial communities have
been used to overcome biases of cultivation-dependent
methods and to provide data concerning diversity and meta-
bolic activity from bacterial communities present in inhos-
pitable environments. Therefore, the aim of this study was
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to assess for the first time the impact of the introduction of
nitrate on the complex microbial community, including the
SRB, present in the water-oil separation tank on a Floating,
Storage and Offloading (FSO) unit of an offshore platform
in Brazil. The water-oil tank microbial community was ana-
lyzed during 2 months (15 nitrate injections) and the impact
of the treatments was evaluated by molecular methods
based on DNA extraction from produced water samples,
PCR and DGGE.

Materials and methods
Water-oil separation tank

The separation tank used in this study is located at larboard
on the FSO unit of an offshore platform, 180 km east of Rio
de Janeiro, Brazil. This FSO receives 8,000 m> of oil and
715 m? of produced water per day. Whenever this produced
water presented more than 1% of oil, it was treated in the sep-
aration tank and then transferred to a clean tank. The separa-
tion tank includes at least one inlet for introducing water-oil
emulsion, and a separate discharge port for conducting hydro-
carbon-free aqueous component from the tank. The volume
capacity of the separation tank is 2,700 m®. The input flow
rate of produced water into this tank is low, resulting in a high
residence time of 10-30 days. This stagnation of the produced
water may result in a perfect condition for bacterial develop-
ment. Before the beginning of this study, THPS (70 ppm)
was usually added to the system to control the SRB activity.
This condition was considered as the negative control of the
experiment (without nitrate). The characteristics of the sepa-
ration tank studied here were: temperature—34°C; pH—6.5;
potential redox— —265 mV; sulfate—1,411 mg 1= sulfide—
1.6 mg 17!, The operators at FSO turned off the biocide feed
2 days prior to sampling. The nitrate treatment (5 mM
NaNO;) was repeated 15 times throughout a 2-month period
(usually one application/4 days).

Produced water samples

Water samples were collected in sterile glass bottles, which
were filled completely to prevent contact with air, and
sealed with rubber stoppers. They were transported on ice
to the laboratory and stored at —20°C. Samples were col-
lected before and after each nitrate injection.

Chemical analysis
The analytical method used in this study was based on stan-
dard methods described elsewhere [1]. Samples were taken

by collecting the needed aliquot in a beaker just before per-
forming the analysis. Sulfide analysis was carried out by
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iodometric titration. This procedure is described in detail in
Method 4500-S*F.

DNA extraction

For DNA extraction, 30 ml of each sample were centri-
fuged for 20 min at 12,800g, the pellets were suspended in
500 pl of TE 1X [18] and then the extraction was per-
formed as described by Pitcher et al. [17]. Agarose gel elec-
trophoresis of the total DNA was performed in 0.8%
agarose gels in a Tris-Borate-EDTA (TBE) buffer [18] at
70 V for 4 h at room temperature.

Amplification by PCR

The 16S rRNA gene sequences were amplified from the
DNA extracted from the water samples by PCR using
the universal primers (U968f + GC clamp and L1401r) and
the PCR conditions described by Heuer and Smalla [7]. The
50 pl PCR reaction mix contained 10 mM Tris—HCI (pH
9.0), 50mM KCl, 2.5mM MgCl,, 20nmol dNTPs,
0.02 pmol of each primer, 2.5 U of Tag DNA polymerase
(Promega, Madison, WI, USA), 5 ng formamide, 5 ng BSA
and 2 pl of the DNA sample. The amplification conditions
applied were as follows: denaturing step of 94°C for 3 min,
followed by 35 cycles of 1 min at 94°C, annealing for
1 min at 55°C and extension for 1 min at 72°C, followed by
a final extension at 72°C for 10 min. In addition, specific
primers for SRB based on aps gene (adenosine-5-phospho-
sulfate reductase) were used as described by Zinkevich and
Beech [21]. A GC clamp was attached to the reverse
primer. The 50 ul PCR reaction mix contained 10 mM
Tris—HCI (pH 9.0), 50 mM KCl, 3.25 mM MgCl,, 200 pM
dNTPs, 0.5 uM of each primer, 2.5 U of Tag DNA poly-
merase (Promega) and 2 pl of the DNA sample. The ampli-
fication conditions applied were as follows: denaturing step
of 95°C for 2 min, followed by 35 cycles of 1 min at 95°C,
annealing for 1 min at 62°C and extension for 1 min at
72°C, followed by a final extension at 72°C for 10 min.
Negative controls (without DNA) were run in all amplifica-
tions and the presence of PCR products was checked by
1.4% agarose gel electrophoresis followed by staining with
ethidium bromide.

DGGE

DGGE was performed using a Dcode DGGE system (Bio-
Rad Laboratories, Richmond, VA, USA). Polyacrylamide
gels in 1X TAE buffer [18] containing a linear denaturing
gradient were loaded with the PCR products (15-20 pl)
mixed with 2x loading dye. The gradients were formed with
6% (w/v) acrylamide stock solutions [14] that contained
no denaturant and 100% denaturant (the 80% denaturant
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solution contained 7 M urea and 40% [v/v] formamide
deionized with AG501-X8 mixed-bed [Bio-Rad]). The
concentration of the denaturant ranged from 35 to 65 and
35 to 70% when 16S rDNA and aps PCR products were
used, respectively. The gels were electrophoresed for 16 h
at 60°C and 65 V (16S rRNA PCR products) and for 5 h at
60°C and 200 V (aps PCR products). Gels were stained
with SYBR Green I (Molecular Probes, Eugene, OR, USA)
for 40 min prior to imaging, using the IMAGO system
(B&L System).

Statistical analysis

The sulfide analyses were performed in triplicate. Basic
statistics were calculated and results were expressed as
mean values and the standard deviation given as required.

Results and discussion

The effect of nitrate injection on the microbial community
has already been evaluated in oil fields, oily wastes and oil
industry production waters [4, 11, 13, 16, 19], but has never
been studied in a water-oil separation tank in a FSO unit of
an offshore platform in Brazil. Different responses to this
treatment have been achieved, from the lack of enhance-
ment of the bacterial community members including the
SRB [11, 19], to the increase in the number of the hetero-
trophic nitrate reducing population [5] and the collapse of
SRB population [15]. The present work showed the influ-
ence of the nitrate injection in the complex bacterial com-
munity present in a water-oil tank using molecular
methods. Results from PCR-DGGE analysis of total bacte-
rial community based on 16S rDNA (Fig. 1a, b) showed the
existence of a dominant bacterial community present in the
water-oil tank. The different DGGE profiles were stable
from the beginning of the experiment to the end of
2 months (Fig. 1a, b), with minor shifts in the diversity of
the dominant bacterial population. The changes in the
different DGGE patterns were basically in the increase of
intensity and/or the appearance of some bands observed
only at specific moments (Fig. 1a, b). However, these alter-
ations were not permanent throughout the 2-month period
of nitrate treatment. These minor changes in the DGGE pat-
terns could be explained by the constant supply of produced
water inside the separation tank. Therefore, these results
suggest that the treatments did not significantly affect the
dominant bacterial populations, but it is still possible that
the interval of 4 days between each nitrate treatment was
too short to cause any observable changes in populations.
Moreover, the stability of the DGGE patterns observed here
also confirms that the different samplings are representative
of the tank studied. The same results were observed by
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Fig. 1 DGGE patterns obtained with PCR-DGGE based on 16S rRNA
gene in response to the different nitrate treatments. 1—produced water
samples treated with biocide (THPS); 2—48 h after the interruption of
THPS introduction; 3-28 h after the first to the 15th nitrate injection
(dates of treatment are shown in Fig. 3): a 3-4 h, 1°; 4-24 h, 1°;
5-72h, 1°; 64 h, 2°; 7-24 h, 2°; 8-72 h, 2°; 9-72 h, 8°; 10-4 h, 9°;
11-24 h, 9°; 12-48 h, 9°; 13-86 h, 9°; 14-6 h, 10°; b 15-82 h, 13°;
16-4 h, 14°; 17-24 h, 14°; 18-48 h, 14°; 19-74 h, 14°; 20-96 h, 14°;
21-168 h, 14°; 22-186 h, 14°; 23-4 h, 15°; 24-28 h, 15°; 25-51 h,
15°, 26-75h, 15°; 27-99 h, 15°; 28-165h, 15°. (M) 1 kb ladder
(Promega)

Kjellerup etal. [11] when they monitored the microbial
souring in produced water biofilm systems.

On the other hand, results from PCR-DGGE analysis of
SRB community based on aps gene (Fig. 2b) showed an
increase in SRB community in response to the injection of
nitrate over the 2 months of experiment. The comparison
between the DGGE profiles obtained when the DNAs
extracted from the different water samples were amplified
by PCR using both primers (based on 16S rRNA and aps
genes) can also be observed in Fig. 2a and b, respectively.
It becomes clear that this increase in the SRB community
abundance was only observed when a specific primer (aps)
was used. Therefore, the increase of the SRB community
was not high enough to allow its detection in the 16S
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Fig. 2 Comparison between DGGE profiles obtained with a PCR-
DGGE based on 16S rRNA gene and b PCR-DGGE based on aps gene
in response to the different nitrate treatments. 1—produced water sam-
ples treated with biocide (THPS); 248 h after the interruption of
THPS introduction; 3—14 h after the first to the seventh nitrate injection
(dates of treatment are shown in Fig. 3): 3-24 h, 1°;4-4 h, 2°;5-72 h,
2°,6-4 h,3°;7-71 h,3°;8-4 h, 4°;9-24 h, 4°;10—4 h, 5°;11-93 h, 5°;
12-5h, 6°; 13-48 h, 6°; 14-6 h, 7°. (M) 1 kb ladder (Promega)

rRNA-based DGGE, indicating that this community has not
achieved a condition of predominance within the total bac-
terial population after the introduction of nitrate.

The amendment of 5 mM nitrate in the separation tank in
intervals of about 4 days was sufficient to control sulfide
production, maintaining the sulfide concentration under the
permissible exposure limit (P.E.L) (10 ppm). However,
complete cessation of sulfide production has never been
observed. The nitrate concentration used here is similar to
that reported for other laboratory investigations in which
the sulfide production was controlled [4]. Figure 3 shows
that the level of sulfide varied along the 2 months but it was
kept below 10 ppm, as previously observed when THPS
biocide was used. The only increase of the sulfide amount
was detected at the end of the experiment, when a 10-day-
period was observed between the two last nitrate injections.
This indicates that no long-term effects should be expected
for this treatment, and continuous nitrate addition may be
required to control sulfide production. In contrast, other
studies have shown total inhibition of SRB activity in oil-
field produced water [5], presumably as a result of
increased NRB activity. As an increase in SRB population
was observed here but not the sulfide production, this may
be attributed to a switch of the energy metabolism of the
SRB population to reduce nitrate instead of sulfate. More-
over, the maintenance of the sulfide level could be
explained by the presence of chemolithotrophic NRB
which may oxidize sulfide, as suggested before [10].
Although SRB are often considered to be strict anaerobes,
several recent studies have shown significant SRB activity
in the presence of nitrate and under microaerophilic condi-
tions [9].
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In conclusion, hydrogen sulfide production was lowered in
the water-oil separation tank studied treated with nitrate, but no
long lasting sulfide inhibition should be expected. PCR-DGGE
analysis of total bacterial community based on 16S rRNA gene
showed that the appearance and/or the increase of intensity of
some bands in the gels were not permanently affected by the
introduction of nitrate treatment along the 2-month period. On
the other hand, the SRB community was considerably stimu-
lated following nitrate treatment, as the intensity of bands in
the DGGE profiles increased when the aps primers were used.
Therefore, controlling sulfide production by treating the pro-
duced water tank with nitrate, besides being less expensive and
an environment friendly treatment, would greatly reduce the
quantity of chemical biocides required to control microbial
activities. However, in the absence of nitrate (or other control-
ling agent) the SRB community still present in the water-oil
separation tank in the FSO unit may rapidly reduce sulfate and
consequently produce sulfide.

Acknowledgments This study was carried out as a part of the project
“Biocorrosion and Bioacidulation”, supported by CENPES/BTA/PET-
ROBRAS. The authors thank Dr. Andrew Macrae for comments on
this manuscript.

References

1. American Public Health Association (2005) Standard Methods for
the examination of water and wastewater. 21th edn. American
Waterworks Association and Water Pollution Control Federation,
Baltimore, MD

2. Cooling FB, Maloney CL, Negel E, Tabinowski J, Odom JM
(1996) Inhibition of sulfate respiration by 1,8-dihydroxyanthr-
aquinone and other anthraquinone derivatives. Appl Environ
Microbiol 62:2999-3004

3. Cord-Ruwish R, Kleinitz RW, Widdel F (1987) Sulfate-reducing bac-
teria and their activities in oil production. J Pet Technol 39:97-106

4. Davidova I, Hicks MS, Fedorak PM, Suflita J]M (2001) The influ-
ence of nitrate on microbial processes in oil industry production
waters. J Ind Microbiol Biotechnol 27:80-86

5. Eckford RE, Fedorak PM (2002) Chemical and microbiological
changes in laboratory incubations of nitrate amendment “sour”
produced waters from three western Canadian oil fields. J Ind
Microbiol Biotechnol 29:243-254

6. Gardner LR, Stewart PS (2002) Action of glutaraldehyde and ni-
trite against sulfate-reducing bacterial biofilms. J Ind Microbiol
Biotechnol 29:354-360

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Heuer H, Smalla K (1997) Application of denaturing gradient gel

electrophoresis (DGGE) and temperature gradient gel electropho-
resis for studying soil microbial communities, In: van Elsas JD,
Wellington EMH, Trevors J (eds) Modern soil microbiology,
Marcel Dekker Inc., New York, pp 353-373

. Hubert C, Nemati M, Jenneman G, Voordouw G (2005) Corrosion

risk associated with microbial souring control using nitrate or
nitrite. Appl Microbiol Biotechnol 68:272-282

. Itoh T, Nielsen JL, Okabe S, Watanabe Y, Nielsen PH (2002)

Phylogenetic identification and substrate uptake patterns of sulfate-
reducing bacteria inhabiting an oxic-anoxic sewer biofilm deter-
mined by combining microautoradiography and fluorescent in situ
hybridization. Appl Environ Microbiol 68:356-364

Jenneman GE, Gevertz D, Sulfide-oxidizing bacteria, US Patent
5,686,293, US Patent and Trademark Office, Washington, DC

. Kjellerup BV, Veeh RH, Sumithraratne P, Thomsen TR, Buck-

ingham-Meyer K, Frolund B, Sturman P (2005) Monitoring of
microbial souring in chemically treated, produced-water biofilm
systems using molecular techniques. J Ind Microbiol Biotechnol
32:163-170

Larsen J (2002) Downhole nitrate applications to control sulfate
reducing bacteria activity and reservoir souring. Corrosion 25:1-10
Londry K, Suflita J (1999) Use of nitrate to control sulfide gener-
ation by sulfate-reducing bacteria associated with oily waste. J Ind
Microbiol Biotechnol 22:582-589

Muyzer G, Felske A, Wirsen CO, Jannasch HW (1995) Phyloge-
netic relationship of Thiomicrospira species and their identification
in deep-sea hydrothermal vent samples by denaturing gradient
gel electrophoresis of 16S rDNA fragments. Arch Microbiol
164:165-172

Myhr S, Lillebo BL, Sunde E, Beeder J, Torsvik T (2002) Inhibi-
tion of microbial H,S production in an oil reservoir model column
by nitrate injection. Appl Microbiol Biotechnol 58:400-408
Nemati M, Jenneman GE, Voordouw G (2001) Mechanistic study
of microbial control of hydrogen sulfide production in oil reser-
voirs. Biotechnol Bioeng 74:424-434

Pitcher DG, Saunders NA, Owen RJ (1989) Rapid extraction of
bacterial genomic DNA with guanidium thiocyanate. Lett Appl
Microbiol 8:151-156

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual. 2nd edn. Cold Spring Harbor Laboratory Press,
New York

Telang AJ, Ebert S, Foght IM, Westlake D, Jenneman GE, Gevertz
D, Voordouw G (1997) Effect of nitrate on the microbial commu-
nity in an oil field as monitored by reverse sample genome prob-
ing. Appl Environ Microbiol 65:1785-1793

Thorstenson T, Boedkter G, Sunde E, Beeder J (2002) Biocide
replacement by nitrate in seawater injection systems. Corrosion
33:1-10

Zinkevich VV, Beech IB (2000) Screening of sulfate-reducing
bacteria in colonoscopy samples from healthy and colitic human
gut mucosa. FEMS Microbiol Ecol 34:147-155

@ Springer



	EVect of nitrate injection on the bacterial community in a water-oil tank system analyzed by PCR-DGGE
	Abstract
	Introduction
	Materials and methods
	Water-oil separation tank
	Produced water samples
	Chemical analysis
	DNA extraction
	AmpliWcation by PCR
	DGGE
	Statistical analysis

	Results and discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


