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ABSTRACT

Efficiency and safety within the oil and gas (O&G) industry is often compromised due to
microbiological activity. Bacterial growth has been responsible for many instances of biofouling,
reservoir souring, as well as the corrosion of concrete and metal surfaces. In particular, sulfate
reducing bacteria (SRB) cause significant problems in the petroleum industry through microbially
influenced corrosion (MIC) of metal pipelines and infrastructure, and by degradation of petroleum
in reservoirs (reservoir souring) and storage facilities. We are actively investigating the potential
use of phage for controlling SRB. Phage are natural, bacteriolytic agents that are highly specific
for bacterial hosts and harmless to all other life forms, including humans. Because of their
extreme host specificity, the use of phage requires knowledge of the specific bacterial targets in
any given sample. The types of bacteria which are present in petroleum samples and handling
facilities are currently unknown, except at a very superficial level. Funds from RPSEA were
utilized to evaluate both the diversity of sulfate reducing bacteria within pipes and reservoirs, to
isolate and culture SRB from these same samples, and to evaluate the capacity of the phage to
control SRB under laboratory conditions.

Project scope included the evaluation of the bacterial populations present in two locations
of direct interest to RPSEA: an oil brine mud sample from a crude oil salt storage cavern (COSC)
and oil and water samples taken from an on shore pipeline (OSP). Both sites receive oil from the
deep water Gulf of Mexico. The diversity of bacteria in the samples was determined both utilizing
a traditional method- DGGE, and by using a cutting edge, next generation sequencing approach
based on pyrosequencing analysis of the 16s amplicon.

Bacteroidetes, Haloanaerobium, Halocella, Clostridia and salt-tolerant sulfate reducing
members of the Deltaproteobacteria including Desulfobotulus and Desulfonauticus were found to
dominate the COSC oil brine. In contrast, the OSP pipeline was found to be dominated by highly
aggressive SRB strains as well as iron reducing bacteria. Individual SRB were also cultured
from each of these locations. Phages were isolated that showed virulent activity against the SRB
cultures. Application of phage to either mixed or pure cultures inhibited growth of the SRB and
thus Phage biocontrol treatment holds promise for the oil and gas industry by reducing the need
for toxic chemical biocides.
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EXECUTIVE SUMMARY

Pipeline corrosion and reservoir souring are major issues that result in elevated costs, increased
health risks, and a host of operating problems for the petroleum industry (146, 147). Sulfate-
reducing bacteria (SRB) pose a particular threat to the industry due to their ability to reduce
sulfates to sulfides, releasing sulfuric acid and hydrogen sulfide (H,S) as byproducts (146, 147).
H,S gas is not only extremely toxic and flammable, but it causes souring of the petroleum
product, resulting in reduced quality and increased handling costs. Current technologies used to
control SRB include mechanical scraping of biofiims formed in pipelines with ’pigs’ and
widespread application of chemical biocides. Chemical biocides are expensive, toxic to humans
and the environment, and are not always effective. Improved biocides should be less toxic and
more effective.

New biocides are being developed herein based on bacteriolytic agents called phage. Phage
are the abundant and diverse natural viral predators of bacteria and are composed of protein and
DNA (15), (18, 51, 126). There is considerable interest in developing phage products for human
and agricultural purposes (54, 73, 83). Commercial phage products are available in the United
States for controlling plant pathogenic bacteria on tomatoes and peppers as well as E. coli
0157:H7 levels on slaughterhouse cattle. Importantly, these products are considered non-toxic,
application does not require protective gear, and there is no wait time to handle or consume
vegetables or cattle after application.

The biggest challenge facing the development of phage-based biocides is matching active phage
to the target bacteria. This is because each phage recognizes and kills only a few types of
bacteria and the bacterial populations present in oilfield systems are poorly understood (15).
The limited number of types of bacteria that a given phage will infect is termed the phage host
range. Even though it is known that the desired targets are the H,S producing SRB, the SRB
includes many different types of otherwise unrelated bacteria (8, 149). Only a few phage capable
of infecting SRB have been described in the scientific literature and these were not oil industry
associated SRB (34, 119, 120, 150). This means that research into target bacteria present in the
oil field, as well as de novo phage isolation will be required prior to the production of phage for
biocidal use. RPSEA funding was utilized to address these limitations. Bacterial populations
from several locations were elucidated. SRB present in these samples were isolated and
matched to lytic phage. Finally, the phage were demonstrated to limit SRB growth in liquid
cultures.

These results are very promising. However, development of effective phage products will
ultimately depend on identifying or developing phage with expanded host ranges.



BACKGROUND AND RATIONALE

The corrosion-promoting capacity of microorganisms has been recognized for over 50
years, a process often referred to as MIC, for microbial influenced corrosion (89). The most
commonly used approaches to controlling MIC include the physical removal of microbial biofilms
by pigging and the application of chemical biocides. However, despite active monitoring and
rigorous chemical biocide applications, incidences of MIC associated pipeline failures continue to
be reported (84). Often, these same biocides are shown to control MIC-associated organisms
quite well in a laboratory situation following established industry practices, but their efficacy
drops over time and following dilution within the product downstream. Biocide efficacy testing is
usually performed by treating rapidly growing cells in defined growth media. The majority of
studies utilize bacteria capable of producing either acids or H,S, and are classified based on
these phenotypes as acid producing bacteria (APB), or sulfate reducing bacteria (SRB),
respectively. Treatment efficacy is usually scored by monitoring changes in population density of
planktonic cells, determined by conducting a dilution series and calculating bacterial density
using the most probably number (MPN) approach. There are several limitations to this
approach, necessitating the need to develop more accurate monitoring and testing procedures in
order to better identify truly effective treatment regimes.

Biocide efficacy assays typically assume that all SRB or APB will respond similarly to
chemical treatments and thus that the specific identity of any SRB or APB is not important. This
is almost certainly a gross simplification. In medical microbiology, there is a more general
understanding that different bacteria can be resistant or sensitive to different antibiotics, and
even to more general disinfectants. Culture swabs are routinely obtained from patients in order
to evaluate bacterial antibiotic sensitivity. The problem for the O&G industry is compounded by
confusion over what the terms “APB” and “SRB” actually encompasses. The terms “SRB” and
“APB” are phenotypic, rather than genotypic, classifications, and numerous types of unrelated
groups of bacteria are capable of acid production or sulfate reduction. The SRB, for example,
are not a homogenous group of bacteria (149). Bacterial clades where sulfate reduction occurs
include members of the Firmicutes, the delta subgroup of the Proteobacteria, Deferribacter, and
Nitrospira as well as several archaeal clades (149). The genetic hallmarks defining SRB are the
genes encoding the DsrA and DsrB dissimilatory sulfate reductase subunits (88, 148). It needs
to be emphasized, however, H,S-generating sulfur and thiosulfate reducing bacteria lack DsrA/B
genes. The relative abundance and importance of sulfate, sulfur and thiosulfate reducing
bacteria in generating H,S in the oilfield is unknown. Various molecular tools such as qPCR,
microarrays, and next generation “high throughput” DNA sequencing technologies have been
introduced to more accurately dissect bacterial populations of relevance to the oilfield. (75)
These advanced techniques have revealed that there is a larger microbial consortium that may
be involved in MIC. This information is extremely viable to understand and develop a greater
understanding of the resulting MIC corrosion mechanism, by understanding what bacteria are
present and more directly what impact they have on the observed corrosion.

Another issue is that while biocide efficacy tests focus of planktonic cells, the organisms
actually responsible for any given MIC incidence are often growing in a biofilm. Planktonic and
biofilm populations may have markedly different responses to chemical treatments. Much of this
may be due to the structure of the biofilm. For example, the exopolysaccharide matrix produced
by biofilm organisms may exclude and/or influence the penetration of antimicrobial agents. (28,
143) Furthermore, bacteria in a biofilm may not be rapidly growing and thus can escape short
term chemical exposures. Poor penetration into, and reduced mass transport of the biocide
chemicals within the biofilm results in significantly less concentration of active biocide at the base
of the biofilm where the problem actually exists.



Ultimately, advances in the technologies used to understand and monitor microbial
corrosion mechanism need to be translated into superior field mitigation methods. MIC related
issues are severe enough to justify testing highly experimental or novel approaches (92, 146). An
approach that we are investigating is the use of bacteriolytic phage, the natural, highly diverse
and highly abundant viral predators of bacteria (44, 73, 140, 157). The most pressing issues
affecting the use of phage is the extreme host specificity that phage exhibit (15). Any one type of
phage typically infects only one or a few strains of a specific bacterial species. Extreme host
specificity makes phage harmless to non-target organisms. However, the downside of extreme
host specificity is that developing phage treatments requires detailed knowledge of the types of
bacteria that are causing the problem. The application of genomic technologies, specifically high
throughput shotgun sequencing of environmental DNA samples, for bacterial identification will
allow for the rational application of phages for the control of problem bacteria (31). Phages have
been identified against a few SRB, specifically Desulfovibrio vulgaris and Desulfovibrio
aespoeensis. (34, 49, 119, 120, 130, 134, 150) Because of the extraordinarily high genetic
diversity of phages, there are no universally conserved sequences present in all phage that can
be used as a molecular marker to assay for the presence of phage (17, 18, 52).

We are developing an approach to research, develop, and screen novel treatment
programs designed to combat MIC within the petroleum industry. The potential for using phage
to control SRB populations within the oilfield is being investigated. Towards this end, population
studies of oilfield samples were conducted and the dominant SRB identified and scored. We
previously reported isolating a phage capable of forming plaques on a lawn of a mixed co-culture
of a Desulfovibrio and Haloanaerobian isolated from one of these environmental samples (130).
The SRB from these samples were isolated in pure culture and it was demonstrated to be the
actual host of phage $COSC.D. Application of $COSC.D to culture media prior to inoculation
with the mixed Desulfovibrio and Haloanaerobian host was demonstrated to control growth of the
SRB for extended periods of time. Future experimental plans include utilization of a genetically
defined, yet highly mixed populations of bacteria in a dynamic flowcell system providing a more
accurate representation of a field situation in which biofilm development occurs.

REPORT DETAILS

Experimental Methods:

Culture medium. All SRB pure and mixed cultures were propagated per NACE TMO194-94
Standard recommended Modified Postgates B Broth (MPB) consisting of, per L, 0.5 g KH;POy,,
1.0 g NH4CI, 1.0 g Na,SO,4, 1.0 g CaCl,-6H,0, 2.0 g MgS0O,4-7H,0, 5.0 mL 60% syrup
NaC3Hs03, 1.0 g Yeast Extract, 2.5 g NaC,H30,, 0.1 g C,H40,S, 0.1 g CsH7NaOg, 0.5 g FeSO,-
7H,0, 25 g NaCl and supplemented with either 5 or 20 g/L Instant Ocean for 2.5% salinity and
6% salinity, respectively, and adjusted to pH of 7.2 prior sterilization (Appendix B). GHB and
APB populations were cultured utilizing the NACE TMO194-94 Standard recommended Phenol
Red Dextrose (PRD) consisting of, per L, 1.0 g Beef Extract, 10.0 g Peptone, 0.018 g Phenol
Red, 5.0 g Dextrose, and 37.8 g Instant Ocean. The pH was adjusted to 8.13 with HCI and
autoclaved at 121°C for 15 minutes.

Bacterial Enrichment Cultures. Approximately 4 L of anoxic black sediment with associated
headspace of brine water was collected from efflux brine pond formed by a salt cavern oil
storage system. Oil and H,S was obvious in the sample. For bacterial enrichments, 0.5 ml of



the sample was inoculated into to 4.5 ml MPB, supplemented to 1%, 2.5%, 6%, and 10% salinity.
Colony isolation was performed by plating liquid cultures on MPB supplemented with 16 g/L
Bacto agar for bacterial colony isolation (103, 106). All bacterial incubations were conducted at
22°C.

Isolation of pure SRB strains. All SRB host and phage manipulations were conducted in a
Forma anaerobic chamber in a 90% N3, 5% CO,, 5% H, gas mixture. The SRB present in mixed
culture COSC.D1 was isolated in pure form by preparing 10 fold serial dilutions of the mixed
culture and immediately plating on MPB agar plates (130). Well-separated black colonies
appeared after three weeks incubation at 22° C in the anaerobic chamber. These colonies were
subject to repeated dilution and plating until only black SRB colonies were observed.

Bacterial DNA Isolation. DNA was extracted from the raw sample bacterial pellets, which
contain a mixture of small solids and bacterial cells, and enrichment culture with a commercially
available soil DNA isolation kit (SoilMaster™ DNA Extraction Kit, Epicenter Biotechnologies)
following the manufacturers recommendations. For colony PCR, DNA was isolated from single
colonies using the Lyse and Go PCR Reagent (Pierce Chemicals), following the manufacturers
recommendations.

16s rDNA PCR and Temperature Gradient Gel Electrophoresis, TGGE. Population
structures of the samples was determined by analysis of the 16s ribosomal sequences by
temperature gradient gel electrophoresis (TGGE) analysis followed by sequencing individual
bands. PCR reactions were performed on the isolated DNA with primers (16s.F-GC-clamp, 5'-
CGCCCGCCGCGLCGCGGLGGGLCGGGGLCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG-
3) and (16s.R, 5-CCCCGTCAATTCCTTTGAGTTT3’) and PCR reagents according to the
manufacturer's recommendation (Taqg DNA polymerase with ThermoPol buffer, New England
Biolabs catalog. number M027L) and cycle conditions of 1 min- 30 sec- 1 min for 30 cycles). The
bands were resolved by TGGE using the BioRad Dcode Universal Mutation Detection System
(BioRad). PCR products were resolved on an 8% urea, 8% acrylamide, 1.25X TAE gel with a
temperature range of 48° to 63° C at a ramp rate of 1.3°C/hour, for 21 hours. The gel was
stained with ethidium bromide and imaged. Band were excised and the DNA was extracted by
maceration of the acrylamide slice, addition of 10 mM Tris pH 7.5, freezing overnight and
pelleting of the acrylamide by centrifugation. The supernatant was used as a template in PCR
reactions using (16s.F-forward 5-CCTACGGGAGGCAGCAG-3’) and 16s.R (16s.R, 5'-
CCCCGTCAATTCCTTTGAGTTT3’) primers and the same conditions that GC-clamp PCR was
performed above. The 16s genes from pure cultures were amplified by colony PCR using the
16s.F and 16s.R PCR primers. All PCR products were purified using the QIAquick PCR
purification kit (Qiagen catalog number 28106) and were sequenced with the 16s.F primer using
Applied Biosystems (AB1) BigDye Terminator Cycle Sequencing Kit version 3.1 (catalog number
4337455) according to the manufacturer’'s recommendation. The sequences were resolved at the
Institute for Plant Genomics and Biotechnology at Texas A&M University. Sequence
chromatograms were trimmed and edited using Sequencher (GeneCodes). Comparisons to
sequences in the public database were made using blastn
(http://blast.ncbi.nim.nih.gov/Blast.cqgi).

Phylogenetic analysis of completely sequence SRB. DsrA protein sequences and 16s rRNA
gene sequences were extracted from each whole genome entry. The program ClustalX 1.83
(http://www.clustal.org) was used to generate neighbor-joining trees with bootstrap values of
1000.
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Identification of prophage elements in SRB genome entries. Putative prophage elements
were identified in the genome entries of SRB species by screening the protein database of each
species for contiguous segments at least 30 kb encoding proteins with functional annotations
limited to a combination of phage associated functions and hypothetical proteins of unknown
function (16, 131). Phage associated functions included phage morphogenesis, regulatory, and
lysis proteins, along with the DNA metabolism proteins most commonly encoded in phage
genomes. Representative entries in each block were compared to proteins in the public protein
database using BLAST. The left and right most boundaries of each element were arbitrarily
defined as the left and right most genes whose product exhibited significant similarity to phage
proteins present in the Caudovirales protein database.

Phage Isolation. Phage were isolated using a standard phage enrichment method (132-134).
Briefly, an extract was prepared from the original BM sediment by filtration through decreasingly
small pore size filters, ultimately through a 0.22 mm pore size sterile filter unit. This BM extract
was mixed 1:1 with MPB and inoculated with 100 ml of a week old culture of OBM2. Following
seven-day incubation at 22°C without agitation, chloroform was added to 0.1% of the sample
volume and bacterial cell debris removed by a combination of centrifugation and filtration through
a 0.22 mm pore size filter. Agar overlays were prepared my mixing 100 ml of a four-day culture
of host with MPB top agar (MPB, made without Fe, augmented with 0.7 g/L agar) and pouring
over MPB agar plates (made without Fe). 10 ml drops of the phage enrichment were spotted
onto the lawn. Clearings were observed following seven day incubation at 22°C. The
concentration of phage in the sample was determined by addition of 100 ml of serially diluted
phage stock into the MPB top agar/ bacterial host suspension prior to overlaying on MPB agar
plates. The ability of phage $COSC.D to form plaques on the lawn of the pure SRB host was
tested as described for the mixed host culture, except that a four-day old stock of pure host was
used as the plating host (130).

Efficacy Study in Liquid Media. Phage efficacy studies were conducted in 100 ml of 6% MPB
broth in 250 ml orange-capped bottles. Each bottle was inoculated with 200 ml of host bacteria,
corresponding to 10* SRB and either no phage (control) 0.01 ml phage, 0.1 ml phage, or 1 ml
phage. Bottles were incubated at 22°C for nine days with gentle shaking (92 rpm). SRB growth
was monitored visually for the production of black iron sulfide and by serial dilution counting in
microtitier plates. Phage prophylactic experiments were conducted by preparing 10-fold serial
dilutions of the mixed host in 6% MPB media in 10 ml serum vial. Phage treated samples also
received 0.1 ml of a phage lysate containing 10’ pfu/ml $COSC.D. Vials were incubated at room
temperature and SRB growth scored.

Pyrosequence analysis of environmental samples, enrichment cultures and pure strains.
DNA was isolated from either one ml of enrichment culture, or from 1 gram of sediment from
environmental samples using the UltraClean Microbial DNA Isolation Kit (BioExpress G-3200-
50). DNA was subject to bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP) using
primers G.28F S5TTTGATCNTGGCTCAG and G.519r 5 GTNTTACNGCGGCKGCTG (31).
Resulting sequences were trimmed and quality scored. All sequences passing quality score
were compared using BLASTn to a ribosomal database to make classification. Identity values
were used to make assignments to the appropriate taxonomic levels based on the following
cutoffs: Sequences with identity scores, to known or well characterized 16S sequences, greater
than 97% identity (<3% divergence) were resolved at the species level, between 95% and 97%
at the genus level, between 90% and 95% at the family and between 85% and 90% at the order
level, 80 and 85% at the class and 77% to 80% at phyla level.

DNA was isolated from one ml of pure culture using the UltraClean Microbial DNA Isolation Kit
(BioExpress G-3200-50). The 16s coding region was amplified from each DNA sample using

11



primers 16s.F (CCTACGGGAGGCAGCAG) and 16s.R (CCCCGTCAATTCCTTTGAGTTT) using
the AcuPrime PCR master mix (Invitrogen) following the manufactures protocol. PCR products
were sequenced using BigDye terminators (ABI) at Eton Bioscience Inc (California).

Identification of prophage elements in SRB genome entries.

Putative prophage elements were identified in the genome entries of SRB species by screening
the protein database of each species for contiguous segments at least 30 kb encoding proteins
with functional annotations limited to a combination of phage associated functions and
hypothetical proteins of unknown function (16, 131). Phage associated functions included phage
morphogenesis, regulatory, and lysis proteins, along with the DNA metabolism proteins most
commonly encoded in phage genomes. Representative entries in each block were compared to
proteins in the public protein database using BLAST. The left and right most boundaries of each
element were arbitrarily defined as the left and right most genes whose product exhibited
significant similarity to phage proteins present in the Caudovirales protein database.

Phylogenetic analysis of completely sequence SRB.

DsrA protein sequences and 16s rRNA gene sequences were extracted from each whole
genome entry. The program ClustalX 1.83 (http://www.clustal.org) was used to generate
neighbor joining trees with bootstrap values of 1000.

Results and Discussions:

Impact to Producers

Phage have similar inhibitory effects on active SRB cultures as do currently used chemical
biocides. Furthermore phage biocontrol treatments are naturally “green” and have a longer
lasting inhibitory effect; thus, implying that phage based biocontrol can provide a better treatment
option for the petroleum industry to counter microbially influenced corrosion and possibly
reservoir souring.

Technology Transfer Efforts

Ecolyse has given more than 4 presentations at RPSEA conferences and meetings. Continued
commercialization efforts are underway with RPSEA members. See Appendix G for a partial list
of presentations.

A. Sample Collection: COSC and OSP

COSC Sample Details

Approximately 4 L of a high-salinity black mud (BM) sample from a brine pond
congruous with a gulf coast crude oil salt storage cavern COSC. The sample was composed of
black mud (BM) and sand, with a heavy petroleum component. The sulfate reducing bacteria
(SRB) activity was obvious, as evidenced by H,S emissions from the sample.

OSP Sample Details

The second set of samples were collected from an on shore pipeline (OSP) that
receives crude oil from pipelines originating from off shore sources in the Gulf of Mexico.
The pipeline is approx. 36 miles of 12”, 0.562 wall pipe. This pipeline has a history of
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rapid MIC incidences, in particular at girth welds downstream of a certain production
platform. Corrosion was exasperated following an eight month line shut- due to
Hurricane Katrina. Fluids transported by this line consists of approximately 75%
produced water with a total dissolved solid (TDS) between 120,000 and 140,000 ppm,
and 25% crude oil approximately. Three production streams feed into OSP. One of the
production lines carries crude and other production fluids from production systems in
different formations that come into a platform and commingles with local production.
Further, production feeds into this line as well. A service company treats the pipeline
continuously with corrosion inhibitor and a second separately treats the production field.
What chemicals are used on these two platforms and whether any chemical
incompatibilities may exist is unknown. In the final analysis, the total fluids being
transported through OSP are commingled from numerous production zones within
different formations from the Gulf of Mexico.

A total of eight samples were collected from the pipeline. Seven of these were
taken in a timed sequence in front of a pigging run. The eighth sample is the wax and
biofilm solids from the pigging run. For each time point, 500 ml of water and associated
oils were collected. At each time point, the alkalinity, temperature, pH, dissolved H,S,
COg,, and O3 levels of the sample were measured (Table 1, OSP Field Chemistry
Analysis). Additionally, a full water analysis was also performed for each sample
(Appendix A). Sulfate levels ranged from 43.1 to 54.5 ppm. This is greater than the
minimum concentration required for maintaining regular microbial activity. Sulfide was
detected in samples at 2.4 ppm. Sulfide may be biogenic or abiotic in origin, evolved as
the by-product of SRB-mediate sulfate reduction or via the geothermal degradations of
sulfur containing rock. Volatile fatty acid levels were less than 2 ppm. Commonly used
corrosion inhibitors were present at undetectable levels.

Sample Sampling Point Alkalinity T((,?FS)P pH Dissolved H2S Dissolved CO2 Dissgzlved

1 920 Barrels 480 ppm 82.4 6.0 0.2 ppm 160 ppm < 20ppb
2 4400 Barrels 546 ppm 86.0 6.5 0.1ppm 170 ppm < 20ppb
3 9300 Barrels 456 ppm 82.4 6.0 0.3ppm 160 ppm < 20ppb
4 12,000 Barrels 598 ppm 78.8 6.0 0.2 ppm 120 ppm < 20ppb
5 21,400 Barrels 436 ppm 82.4 6.0 0.0 ppm 160 ppm < 20ppb
6 26,100 Barrels 480 ppm 84.2 6.0 0.0 ppm 160 ppm < 20ppb
7 34,000 Barrels 500 ppm 84.2 6.0 0.0 ppm 130 ppm DNP

8 26,100 Barrels.c nd nd nd nd nd nd

Table 1. Field Chemistry Analysis of the OSP pig samples analyzed immediately following sample collection, utilizing the
field test kits by Hach for alkalinity and Chemetrics for H2S, CO2, and O... Sample 26,100 Barrels. ¢ is from a coupon
sample. nd, not determined.

Both SRB and APB were detected by MPN analysis in the planktonic phase of
every sample taken, ranging from 10* to 10° SRB/ml and 10" to 10> APB/ ml sample
(Table 2). The ATP assays indicated microbial levels of between 10°to 107 cells per ml
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sample. Taken together, this data suggests that there exists a high level of
contamination and/or the presence of a biofilm in the system.

OSP Sample Combined Sample GHB APB SRB ATP Analysis
OSP.1 OSP.A 920 Barrels 25X10%/mL | 25X 10"/mL | 45X 104/mL | 7.8 X105 /mL
OSP.2 OSP.B 4,400 Barrels 25X10"/mL | 25X10"/mL | 1.5X105/mL | 1.3 X106 /mL
OSP.3 OSP.A 9,300 Barrels 95X10"/mL | 25X10"/mL | 25X 10%/mL | 9.1 X 10%/mL
OSP4 OSP.B 12,000 Barrels 95X10"/mL | 95X 10"/mL | 9.5X104/mL | 4.9 X106 /mL
OSP.5 OSP.B 21,400 Barrels 25X10%/mL | 45X10"/mL | 45X105/mL | 1.3 X107 /mL
OSP.6 OSP.C 26,100 Barrels 25X10%/mL | 25X10"/mL | 25X 104/mL | 6.8 X 10%/mL
OSP.7 OSP.B 34,000 Barrels 45X102/mL | 1.5X102/mL | 45X104/mL | 2.2 X 108/mL
OSP.8 OSP.D 26,100 Barrels.c | 0.9 X 10°/in? 0.4 X10%/in? | 9.5X10?/in? nd

Table 2. Enumeration of bacteria in OSP samples 1 through 8 by culture-based MPN and an ATP quantification assay. GHB,
general heterotrophic bacteria; APB, acid-producing bacteria; SRB, sulfate-reducing bacteria. The data presented in this table
is a quantification of the viable planktonic bacterial population (suspended bacteria) and the viable sessile bacteria population
(attached bacteria). GHB and APB levels were assayed by monitoring growth in PRD at 14 days incubation at 30°C. SRB levels
were assayed by monitoring growth in MPB after 28 days of incubation at 30°C. ATP assays were conducted utilizing the
Luminultratm Quench-Gone Aqueous kit!™ (QGA). nd, not determined (due to small sample volume and high oil content).

B. SRB Isolation

Isolation of mixed and pure SRB cultures from the COSC and OSP samples

The initial efforts to isolate phage were based on classical methodologies that require
pure cultures of each bacterial host to utilize as bait in phage hunts and to prepare overlays for
plaque visualization. The traditional method used to isolate bacteria in pure culture is the streak
plate method, in which bacteria are subject to multiple rounds of colony isolation. The
assumption is that each colony originates from a single bacterial cell and develops into a clonally
homogeneous population. Initial efforts to purify SRB strains from the COSC and OSP samples
involved preparing spread plates directly onto solid agar MPB plates. Simultaneously, aliquots
were inoculation of aliquots directly into liquid MPB media. For bacteriological and DNA based
diversity analysis, the 8 WD-73 samples were clustered into four groups, OSP.A (samples 1 and
3), OSP.B (samples 2,4,5,7), OSP.C (sample 6), and OSP.D (sample 8) (Table 2). Black growth,
indicative of SRB activity, was observed only in the liquid media and not detected on solid media
plates. When aliquots of the SRB positive liquid enrichments cultures were used to prepare
spread plates, black SRB colonies, as well as white non-SRB colonies, did form. The initial black
colony formation required between three and six weeks of incubation. Colonies of both the non-
SRB and SRB were subject to numerous rounds of colony purification. The non-SRB strains
from COSC white colonies on MPB were readily purified to homogeneity. In contrast, even after
between 10 to 20 rounds of colony streaking, SRB from both the COSC and OSP samples
categorically propagated only as co-culture with the non-SRB. The partially purified SRB
cultures from the COSC sample were referred to as COSC (for “brine mud oil, black”) COSC.A1,
COSC.A2, COSC.B1, COSC.B2, COSC.C2, COSC.D and COSC.2. The purified non-SRB
cultures were named (BmoW for “brine mud oil, white”) BmoW.31, BmoW.21, BmoW.23,
BmoW.11, BmoW.13 and BmoW 4.

Media
Salinity

SRB
phage**

COSC OSP Bacterial Strains Sequence ID $COSC2 | $COSCD
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COSC.2 6%, 10% D. halophilus (99%) *+ -
COSC.D1 6%, 10% D. halophilus (99%) - *+
OSP.A1 2.5%, D. senesii (99%) - -
OSP.C1 2.5%, D. caledoniensis (99%) - -
OSP.D1 2.5%, D. senesii (99%) - -
OSP.A 2.5%, nd - -
OSP.B 2.5%, nd - -
OSP.C 2.5%, nd - -
OSP.D 2.5%, nd - -
COSC.A1 6%, 10% Haloanaerobium, Deltaproteobacteria SRB - -
COSC.A2 6%, 10% Haloanaerobium, Deltaproteobacteria SRB _
COSC.B1 6%, 10% Haloanaerobium, Deltaproteobacteria SRB ;
COSC.B2 6%, 10% Haloanaerobium, Deltaproteobacteria SRB _
COSC.C2 6%, 10% Haloanaerobium, Deltaproteobacteria SRB ) _
COSC.D1 (COSCD1 source) 6%, 10% Haloanaerobium, Deltaproteobacteria SRB . *y
Halanaerobium praevalens, Desulfovibrio halophilus,
COSC.2 (COSC2 source) 6%, 10% Desulfovibrio frigidus, Bacteroides thetaiotaomicron *+ -
BmoW.31 6%, 10% nd* - -
BmoW.21 6%, 10% Clostridium spp. - -
BmoW.23 6%, 10% Clostridium Spp. _ _
BmoW.11 6%, 10% Clostridium Spp. _ _
BmoW.13 6%, 10% Clostridium Spp. _ _
BmoW .4 6%, 10% Haloanaerobium - -

Table 3. Summary of OSP and COSC bacterial strain and phage isolation. Bacterial strain, culture media
salinity, taxonomic identification, and SRB phage sensitivity. ** Ecolyse SRB phage collection tested:
(fDala.1, fDala.2, fDala.3, fDala.4, fDala.CJ1, fEBS14.1, fEBS14.2, fEBS14.3, fEBS14.4, fEBS14.5, f
EBS14.6, fEPF27, fEPF27.2, fEPF27.3, fEPF27.4, fWRF 20.1, fWRF20.2, fWRF20.3, fPDS.7).

The observation that SRB could be propagated from the OSP and COSC samples, but
only as co-cultures strongly suggested that culture conditions were not adequate for SRB growth
as pure cultures and that the non-SRB is compensating for the limiting step in SRB growth. This
could possible due to nutrient limitations or due to physiological stress. Physiological stresses
that might impede SRB pure culture isolation include residual oxygen or a sub-optimal reducing
environment. Multiple types of media and supplements were assayed in an effort to determine if
nutrient limitations were responsible for the purification recalcitrance (Appendix B). Media
modifications evaluated included vitamin supplementation (thiamine, B12, PAPA), additional
reducing agents and oxygen scavengers (resazurin, cysteine HCI) and even crude oil (data not
show) in an effort to improve pure culture recovery.

Once conditions for culturing SRB were better established, then pure strains of SRB from
the COSC, OSP, as well as numerous additional oilfield samples were isolated. Sequence
analysis of the 16s rRNA gene in each of these indicated that COSC2 and COSC2 are most
similar to Desulfovibrio halophilus. The 16s region sequenced was found to be 100% identical to
nucleotides 364 to 877 of Desulfovibrio sp. (in GenBank entry GI1:1297336). Both of these
species are 99% identical to the salt tolerant Desulfovibrio species, Desulfovibrio halophilus
(159) OSP.A and OSP.D are most similar to D. senesii, OSP.C is most similar to D.
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caledoniensis. Because of project time constraints, these partially purified cultures were utilized
in downstream experimentation.

C. Bacterial Diversity from COSC and OSP

Bacterial Diversity Analysis Using Traditional Methods: DGGE

Figure 1. TGGE Population analysis of uncultured and cultured bacteria present in the COSC
sediments. Image is of an ethidium bromide stained, 8% urea, 8% acrylamide gel on which the
16s rRNA gene sequences PCR amplified from bacterial DNA samples were resolved by
temperature gradient gel electrophoresis. Lanes 1 through 6: SRB strains (COSC.A1, A2, B1,
B2, C2, and D1); Lanes 10 through 15: non-SRB (BmoW.31, 21, 23, 11, 13, and 4) strains.
Lanes 7, 8, 9: total bacteria from COSC sample at time of collection (T1), following a 2 month
storage of the sample at 4°C (T2) or following enrichment for 7 days in 10% salinity MPB media
(T3). Lane 16: TGGE product from pure Desulfovibrio vulgaris DNA template. Bands labeled A,
(a1, a2, a3) b, c, d, e and f were excised from this gel for sequence analysis. Taxonomic
assignments based on these sequences are color-coded.
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The initial approach used to simultaneously evaluate bacterial diversity in the COSC
samples and to compare cultivated strains to the wild type populations were conducted by
denaturing gradient gel electrophoresis (DGGE) based methodology called TGGE (temperature
gradient gel electrophoresis (Figure 1). This approach is based on determining the 16s rRNA
complexity in a sample by electrophoresis of the 16s rRNA PCR product on a denaturing gel.
Resolution into more than one band implies a mixed rRNA sequences are in the sample,
suggestive of more than one type of bacteria. DNA was isolated from six the colony-purified SRB
cultures (COSC.A1, A2, B1, B2, C2, D), and six colony-purified non-SRB cultures (BmoW.31, 21,
23,11, 13, 4). As a control, 16s PCR products using total DNA from the COSC sample as well
as from a pure culture of Desulfovibrio vulgaris str. Hildenborough as template was analyzed
simultaneously. For analysis of the total bacterial population in the COSC sample, total bacterial
DNA was isolated from the anoxic brine sediment following three storage conditions: T1 (within
one week of collection of the sample and storage at 4°C, considered to be the most similar to the
initial environmental sample), T2 (following a two month incubation of the unprocessed
environmental sample at 4° C) and T3 (following incubation of 1 ml of the sample for 7 days in
MPB 10% salinity media at 22°C).

As expected, the total bacterial fractions T1, T2, and T3 are complex, with multiple
bands. All three samples possessed a brighter band (A) with a medium migration rate (bands
a1, a2, and a3) as well as several bands that exhibited the fastest migration rates. Samples T1
and T2, corresponding to bacterial DNA isolated from the unprocessed sample at one week and
two months storage at 4°C, were more similar to each other then to sample T3, which had
undergone incubation in MPB 10% salinity media for one week. Sample T3 possessed novel
high intensity bands clustered at two positions on the gel, bands b, ¢, and f. Each of the SRB
cultures resolved at least two distinct bands while only a single band was present for each of the
non-SRB cultures. For comparison, the product derived from amplification of the 16s gene from
D. vulgaris migrated as a single, fast moving species that co-localized on the gel with the fastest
migrating bands from the SRB cultures and the total bacterial population samples. This suggests
that the SRB cultures contain a population that includes at least one member similar to D.
vulgaris and one member similar to the non-SRB pure culture BmoW.4. Bands from three of
non-SRB, colony purified cultures BmoW.31, BmoW.21, and BmoW.23 were found to be 100%
identical with each other and were determined to be Clostridial species whose closest
characterized relative was identified as forming a lactate degradation pathway along with SRB
including Desulfobulbus spp. in sulfidogenic bioreactors (158). The mixed SRB cultures were
determined to be a deltaproteobacterial SRB and a Haloanaerobium. This was determined by
pyrosequencing the COSC.2 culture was found to be composed of Desulfovibrio species,
primarily D. halophilus but also very low levels of D. frigidus as well as a Haloanaerobium most
similar to H. praevalens.

Bacterial genera present in the different samples was determined by excising seven of
the bands resolved by TGGE (Figure 1 bands a1, a2, a3, b, d, e, and f), re-amplification of the
16s PCR product, and sequencing. This resulted in sequences TGGE.A1, TGGE.A2, TGGE.A3,
TGGE.B, TGGE.C TGGE.D, TGGE.E, TGGE.F, respectively. Sequences derived from the non-
cultured bacterial genera in the total bacterial populations were analyzed, bands a1, a2, and a3
represent the major band present in both the newly isolated and cultured in the mixed bacterial
population samples. The closest relatives of these bacteria present in the public database were
also identified by culture-independent 16s analysis performed on other hypersaline
environments, including the anoxic hypersaline mats from the Mediterranean and hypersaline
sediments from the Great Salt Lakes, Utah (69, 91). These bacteria appear to be members of
the Bacteroidetes.  The sequence derived from band c, which became evident only following
total enrichment culture indicated they were derived from Salinovibrio sp. Salinovibrio are
gammaproteobacteria somewhat related to pathogenic Vibrio spp. Salinovibrio spp are
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facultative anaerobes frequently isolated from saline soils, lakes, and even salt preserved foods.
These bacteria are not considered at target organism for control. The slowest and fastest
migrating bands from enrichment culture T3 co-migrated with bands from the purified bacterial
cultures. The sequence from the slowest migrating band, f was found to be only two nucleotides
different from pure culture strain BmoW.4. These were found to be 99% identical to
Haloanaerobium species and uncultured clones identified in several metagenomic analysis of
high salinity, anoxic environments. Haloanaerobium species have been isolated from other high
salinity, petroleum associated locations and have also been demonstrated to engage in
interspecies hydrogen transfer (19, 94). Some Haloanaerobium have been shown to be sulfur
and thiosulfate reducing bacteria but are not sulfate reducing bacteria (110). Visual analysis of
chromatograms from the mixed SRB cultures clearly indicated that a Haloanaerobium sequence
was present in all of the isolated SRB cultures for which sequence data was obtained (COSC.
A1, A2, B1, C2). Finally, two of the sequences obtained from the fastest migrating bands in
sample T3, TGGE.D and TGGE.E were found to be 88% identical to each other with 460 out of
522 nucleotides matching. A comparison with the public database revealed that they were both
likely derived from sulfate reducing bacterial members of the deltaproteobacteria. The sequence
of TGGE.E was found to be >97% identical to genebank entries from numerous uncultured
deltaproteobacteria isolated from a variety of high saline environments including the anoxic
sediments of a Mediterranean saltern hypersaline microbial mat from Puerto Rico,(60) and a
hypersaline lake in Tibet (60, 63, 91). The most closely related bacterium from a cultured
sample was found to be Desulfovibrionales enrichment culture clone SLAb1-3 (12). This sulfate
reducing bacteria was isolated using enrichment in lactate-arsenate medium from Searles Lake
in California, a salt saturated, alkaline, high arsenate and high borate content body of water. The
sequence of TGGE.D was found to be 99% identical (511/513 bp) to Desulfohalobium retbaense
DSM 5692 16s rRNA sequence. D. retbaense DSM 5692 is a deltaproteobacteria isolated from
saline sediment from Retba Lake in Senegal, Africa (98). Other Desulfohalobium species
include the sulfate reducing bacteria Desulfohalobium utahense, isolated from the high salinity
Great Salt Lake (62).

Bacterial Diversity Analysis Using Metagenomics Approach

SRB Diversity in COSC and OSP Samples.

The low resolution of bacterial populations afforded by the utilization of DGGE was determined to
be insufficient for elucidating bacterial diversity of the RPSEA samples. Therefore, a new approach was
utilized based on a metagenomics approach first established for medical samples. This approach, called
454 or pyrosequencing, is based on shotgun sequence analysis of 16s rRNA amplicons (Figure 2).
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Figure 2. Overview of the Pyrosequencing workflow and data analysis pipeline.

A. Generating the data: Total DNA is isolated from an environmental sample containing numerous different
types of bacteria, where each type might be present at widely different percentage of the population. A 454
library is then generated from the DNA utilizing a PCR based method. Sequencing reactions are conducted at
a scale of between 2,000 to 10,000 sequences; each sequence being generated from a single bacteria in the
starting sample.

B. Analyzing the data: The raw sequences are matched to potential source bacterial identifications by
comparing to a ribosomal database derived from known bacterial strains, as well as from other environmental
shotgun sequences. The frequency of the occurrence of any given species is directly correlated to the
concentration of those bacteria in the starting sample. Identified bacteria are matched to a database of
metabolic traits of relevance to the oil industry. Then, the diversity (how many types), distribution (where found)
relative abundance (percentage of overall population) can be evaluated.

Pyrosequencing results in thousands of individual DNA sequences from each sample, each
individual DNA sequences originated from a single bacterial cell in the starting sample (Figure 2).
Shotgun pyrosequencing of 16s amplicons is far superior to DGGE, or cultivation methods such as
MPN analysis, because the method is less biased and provides details on a much higher number of
individual bacteria. These traits confer statistical robustness to the data. Even unculturable bacteria
comprising as little as 0.01% of the population (1 cell per every 100 cells) can be robustly identified
99% of the time through sequencing as few as 1,000 bacterial cells.

Low-level pyrosequencing runs were performed on samples COSC (12/4), COSC (2/25),
OSP.A, OSP.B, OSP.C, and OSP.D. Between 2,447 and 5,763 individual bacteria were analyzed
from each sample, for a total of 22,499 bacteria screened in all (Table 3, Appendix C). From these
22,499 bacterial sequences, 246 sequence clusters were generated, each one corresponding to an
operational taxonomic unit, or species. The number of species identified in each sample varied from
70 to 108. Most bacterial species identified were present as “low abundance” organisms, with 223 of
the 246 species being present at less than 1% of the total population in any one sample. Only 23
species were present at greater than 1% of the population of any one sample (Table 4). The most
abundant bacteria overall were members of anaerobic fermentative and sulfidogenic genera such as
Halanaerobium, Cytophaga, Halocella, Pelobactera, Desulfohalobium, Desulfonauticus, and
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Desulfovibrio. Several species, including Haloanaerobium saccharolyticum, Desulfovibrio
gabonensis, as well as uncharacterized Anaerophaga, Peptostreptococcaceae, and Lactobacillus
species, were present in all six samples.

COSC 12/4 | COSC 2/25 OSP.A OSP.B OSP.C OSP.D
Sample: Eco-4 Eco-5 Eco-8 Eco-9 Eco-10 Eco-11 Total
# Bacteria Analyzed: 2573 3810 2776 5130 5763 2447 22,499
# Species Identified: 62 108 70 105 77 105 246
Metabolism: abundance (% of population) ; diversity (number of species
Sulfidogens 9.66% ;13 | 10.08%;23 | 54.1% ;14 | 51.75% ;26 | 75.67% ;24 | 54.5% ;23 42.6% ; 47
SRB 9.62% ;12 | 10.02% ;21 | 813% ;10 4.54% ; 21 3.33% ;19 6.49% ; 13 7% ; 36
Ferm + APB 7.24% ;15 | 69.01% ;24 | 18.75% ;16 | 22.87% ;19 | 16.35% ;14 | 14.12% ;18 | 24.7% ;37
Biodeg 62.85% ; 6 15.57% ;9 5.26% ;5 1.97% ; 11 0.87% ;8 10.25% ;16 | 16.1% ;22
Fe(ll)RB 0%;0 0.03% ;1 15.74% ; 3 211% ;7 5.09% ; 4 14.46% ; 6 9.4% ;9
other 20.31% ;28 | 5.48% ;51 6.21% ; 32 2.39% ; 42 2.05% ; 27 6.58% ;42 | 7.02% ;131

Table 4. Metagenomic analysis of COSC and OSP Bacterial Populations. The total number of bacteria
analyzed from each sample is given, along with the corresponding number of unique species identified.

These species were classified by metabolic traits, shown both as a percent of the total population and the

number of unique species that exhibit the indicated metabolic trait. Metabolic abbreviations: APB, acid

producing bacteria; BioDeg, biodegradation of atypical substrates (for example, hydrocarbons), Fe(lll)RB,
iron reducing bacteria; ferm, fermentative; NRSOB, nitrate reducing, sulfur oxidizing bacteria; sulfidogen-

hydrogen sulfide generating; SRB, sulfate reducing bacteria. Taxonomic breakdown at a Class level is

also given, with percent of total population and number of unique species.

Metabolic Assignments
Metabolic assignments were given to 145 of the 246 species identified in the six
samples (Table 4). This included all bacteria present in at least 1% of the total
population of at least one sample. In all, over 98% of the bacteria present in the six
samples received some level of metabolic classification (Table 4). The metabolic
annotations are included in the table containing all identified species in the project

(Appendix C).

Sulfidogenisis and Iron Reducing Bacteria
The metabolic pathways of most interest to the oilfield community are those that

generate significant levels of hydrogen sulfide. Sulfate reducing bacteria (SRB) are

particularly aggressive at sulfide production and are the group of bacteria most
commonly implicated oil filed biogenic sulfide production (8). However, sulfur- and
thiosulfate- reducing bacteria (SURB and TRB, respectively) can also generate

significant levels of H,S and contribute to corrosion and souring (3) (80).Compared to
SRB, the TRB are harder to classify based on taxonomically as they are members of
bacterial genera that can include non-tSRB members. Examples of sulfidogenic TRB

commonly found in oilfield samples include Halanaerobium congolense, as well as some
Thermoanaerobacter, and Spirochaeta.
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All six RPSEA samples contained significant levels of sulfidogenic bacteria, both
in terms of relative abundance in the total population and in terms of species diversity.
Overall, over 42% of all bacteria identified, encompassing 47 unique species, were
capable of hydrogen sulfide generation. True, sulfate-reducing bacteria were the most
abundant sulfidogens in the two COSC samples, composing around 10% of each
sample. SRB present in the COSC samples included Desulfobotulus, Desulfonauticus,
Desulfovibrio, and Desulfocaldus, Desulfosalina.

In contrast to the COSC sample, even though “true SRB” were present in the OSP
samples, the most abundant sulfidogenic species detected in all four OSP combined
samples was most closely related to a thiosulfate, and sulfur reducing species,
Halanaerobium congolense. H. congolense was first identified in a produced water
sample from a Congo offshore oil field (111).

Iron reducing bacteria

Many bacteria have the capacity to directly solubilize iron. For example,
Shewanella species produce chelators that solubilize Fe(lll) oxides (Lovley et al, 2004).
Additionally, Shewanella is capable of growing in corrosive biofilms. Shewanella has also
been shown to remove the protective H; film layer that normally protects iron surfaces
from corrosion under anoxic conditions. The OSP samples were particularly enriched in
two iron reducing bacterial genera: Pelobacter and Geobacter. Along with
Desulfuromonas species, which are both sulfidogenic and iron reducing, nine different
iron reducing species were found to comprise between 5% and 21% of all bacteria in the
sample. In contrast, iron-reducing bacteria constituted only negligible percentage of the
COSC sample populations.

Fermentative and Acid Producing Bacteria

Acid producing bacteria (APB) are of specific interest to the oilfield community as
acid production directly and aggressively promotes corrosion. Several metabolic
pathways result in the production of acids, including fermentative pathways that generate
organic acids such as lactic acid and acetic acid, as well as those that generate sulfuric
acid as a byproduct of the oxidation of inorganic sulfur compound oxidation. It should
be noted that not all fermentative pathways result in acidification, and the identification of
a bacteria as acid producing does not necessarily indicate acidification of bulk fluids. In
particular, the link between fermentative pathways and environmental acidification
requires more research to clarify. Because of this, fermentative and acid producing
bacterial levels are reported together, even though not all bacteria included in this
classification contribute to bulk acidification.

A total of 37 species were annotated as acid producing bacteria and/or
fermentative. The percentage of the population in the four OSP samples ranged from
14% to almost 25%, with between 14 to 19 species annotated as such in each sample.
The majority of these were Halanaerobium species. With in the COSC samples, the
population that emerged from the sample after two months storage at 4°C was
significantly enriched in Halocella, which increased from 4% of the population in COSC
12/4 to 51% of the population by 2/25. This population profile switch was balanced by a
reduction in the relative levels of hydrocarbon degrading Cytophaga in the sample, which
declined from 62% to 12% during the two months of storage.
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Hydrocarbon Degrading Bacteria

Hydrocarbons, including alkanes, alkenes, aromatic hydrocarbons, and waxes,
are found naturally in great variety in crude oil and other petroleum compounds. Due to
their structural diversity, most bacteria lack the capacity to utilize petroleum
hydrocarbons as food sources. Each type of hydrocarbon-degrading microorganism is
likely to be capable of metabolizing a few specific types of hydrocarbons. The sample
with the highest proportion of biodegrading species was the initial COSC sample, at 62%
of the population- primarily due to the already mentioned abundance of Cytophaga in this
sample. Abundant genera in the samples include Marinobacter and Paenibacillus.

. COSC | COSC | OSP. | OSP. | OSP. | OSP. .

Species 12/4 9125 A B c D Metabolism Lookup Ref
Halanaerobium
congolense 0 o feE | cees | iads | asin Sulfidogen, TRB, Ferm (111)
Cytophaga sp 623 | 125| 1.04] 051 | 015| 0.94 | BloDeg HC, oilfield (113)
Halocella sp 459 | 516 | 112| 014 | 067 | 0.65 | Ferm, oilfield (108)
Pelobacter sp 0 0| 1138 | 1969 | 4.83 | 12.38 | Fe(lll)RB (76)
Halanaerobiaceae sp 0| 037| 832| 821 | 273| 454 | Ferm (99)
Halanaerobium
saccharolyticum L D 2=2 O | 991 e Ferm, promotes sulfidogens (68)
Halanaerobium sp 0 27| 375| 634 | 455 | 3.56 | Ferm, promotes sulfidogens (61)
Halanaerobium
acetethylicum 0 & 1 Sifo | E Ferm, promotes sulfidogens (99)
Desulfohalobium
rethaense 0 0 289 e 0 IRE Sulfidogen, SRB (125)
Pseudomonas sp 7.93 15| 079 | 045 017 | 0.57 | BioFilm (109)
Desulfonauticus
autotrophicus it 820 0.04 0.02 0 0 Sulfidogen, SRB (85)
Geobacter sp 0 0| 432| 115| 017 | 1.72 | Fe(ll)RB (76)
Paenibacillus sabinae 012 | 192 | 209| 066| 029| 217 | BioDeg PAH (64)
Desulfobotulus sp 645 | 0.55 0 0 0 0 | Sulfidogen, SRB (121)
Deinococcus sp 5.01 | 037 0 0 0 0 | unkwn radiation resistant (26)
Marinobacter sp 0 0 0| 021] 009 | 482 | BioDegHC (154)
Desulfovibrio sp 0| 005| 112| 1.01| 114] 1.19 | Sulfidogen, SRB (8)
Leptotrichia sp 385 | 031| 004] 004 0 0 | pathogen (33)
Arcobacter sp 0.04 0 0.29 029 | 0.72 1.63 | NRSOB (57)
Desulfovibrio
gabonensis 0 003 0.54 0411 0.17 Sulfidogen, SRB (139)
Sphingomonas sp 0 0| 173| 027 0.1| 0.16 | BioDeg phenanthrene (55)
Peptostreptococcaceae 0] 021 0.25 0.1 0.2 | 1.14 | BioFilm MIC (13)
Desulfuromonas
palmitatis 0 01 081 0251 011 057 g ci00en, SURB Fe(lll)RB (76)
Mariprofundus
ferrooxydans 0 0 189 033 012 0.29 Fe(Il)OX MIC iron corroding (86)
Desulfocaldus sp 074 | 087 0 0| 0.02| 0.04 | Sulfidogen, SRB (88)
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Desulfosalina sp 047 | 052 0 0] 009] 0.08 | sulfidogen, SRB (1)
Caminicella sp 0 0 086| 0.04 0.2 | 0.04 | Ferm thermophile spore-former (4)
Paenibacillus sp 008| 026| 029| 016 | 0.05| 0.25 | BjoDeg PAH (50)
Desulfovibrio capillatus 0 0 0 0.1 0.7 | 0.2 | Sulfidogen, SRB (90)

Table 5. Bacterial species present at more than 1% (green) of the total population of
samples COSC (one week post collection), COSC (one month post collection), and OSP.A,
OSP.B, OSP.C, and OSP.D are listed, along with the percent abundance in that sample and
metabolic assignments. Metabolic abbreviations: Ferm, fermentative; SuRB, sulfur
reducing bacteria; TRB, thiosulfate reducing bacteria; BioDeg, biodegradation of atypical
substrates such as HC (hydrocarbons), PAH (polyaromatic hydrocarbons), and complex
polysaccharides; Fe(ll)RB, iron reducing bacteria; NRSOB, nitrate reducing, sulfur
oxidizing bacteria. Yellow are MIC associated species.

Conclusions From Bacterial Diversity Analysis

The rationale and practical use of bacteriophage to control problem bacterial populations
requires a working knowledge of the target bacteria (Table 5). For human pathologically
significant bacteria, a large body of literature on types and abundance of bacteria that cause
specific problems is available. The strikingly difference in the bacterial population following a
one-week enrichment in culture media was not unexpected. It should be noted, however, that
while all identification methods are inherently biased, culture-based methods are considered to
be particularly prone to bias (31). However, the population of bacteria identified in this sample,
even after culturing, was similar to bacteria isolated from other anoxic, high saline locations
ranging from Tibet to Africa and North America. This suggests that it should be possible to
generate reasonable predictions of the SRB population profile of high saline, oil rich
environments, which will be important for genera specific control.

D. Analysis of Temperate SRB Phage Diversity

Phylogenetics of Sequenced SRB

The diversity of SRB identified in the COSC and OSP samples raised concerns about
whether or not phage capable of infecting all these SRB types could be identified. The metabolic
capacity for energy extraction from sulfate reduction is present in isolated lineages within several
taxonomically diverse clades, including some members of the Gram-negative class
Deltaproteobacteria, some members of the Gram positive Firmicute family Peptococcaceae, as
well as several deep branching bacterial classes such as the Thermodesulfobacteria and
Thermatogales. Therefore, the relevance of this collection of SRB phage to all SRB organisms
needed to be established by analyzing the diversity of SRB. The collection of SRB genomes
was extracted from the public database. Only “true SRB” were analyzed, as defined as bacteria
encoding recognizable dissimilatory sulfite reductase genes A and B (DsrAB) homologues were
included. This, therefore, does not include other sulfur-respiring organisms, for example sulfur
and thiosulfate reducing bacteria such as Haloanaerobium (110) . A total of 32 whole genome
entries were identified as originating from sulfate reducing bacteria (Appendix D). The DsrA and
16s rRNA sequences from the sulfate-reducing archaea, Archaeoglobus, was used as the
outgroup. With 24 entries, the majority of SRB whole genome entries were members of the
Deltaproteobacteria, and the order Desulfovibrionales was most frequently samples (17
members included). Only five members of the have been sequenced. It has been recently
observed that some members of the Peptococcaceae possess DsrAB genes that appear to be
the result of a recent lateral gene transfer from a Proteobacteria (70, 88, 149, 160). In order to
determine if sequenced Peptococcaceae include representatives of members with vertically and
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horizontally acquired DsrAB genes, a neighbor joining tree was made from the DsrA proteins
sequences and 16s rRNA gene sequences from the fully sequenced sulfate reducing bacteria.
The tree results are consistent with published DsrA and 16s trees (70, 88, 149, 160), and show
that three of the sequenced Peptococcaceae species have the vertically transmitted DsrA gene
and two have the horizontally acquired DsrA genes Only one genome entry, the Nitrospira,
Thermodesulfovibrio yellowstonii DSM 11347, originated from a non-Proteobacteria, non-
Firmicute clade.

SRB Prophage Identification

In order to extend the information on SRB phage, prophage elements in the genomes of
32 sulfate reducing bacteria were identified. A total of 46 prophage elements were identified in
22 of the 32 genomes (Appendix D, Appendix E, Appendix F). Many of these contained genes
encoding structural proteins with significant amino acid sequence similarity to the most common
types of bacteriophage (lambda, Mu, and P2). The majority of these, 25, were predicted to
encode phage with contractile tails (myophage), similar to P2 and Mu. Ten of the prophage
elements are likely to encode a flexible tailed phage, similar in morphology to lambda. Finally,
two of the prophage were predicted to encode the structural genes of a short tailed, podophage
morphology. Morphological predictions could not be made for the remaining elements. This
indicates that tailed phage are common among the SRB. These phage sequences will be used
to develop molecular tools to identify at least the most abundant phage types.

The search criteria limited prophage elements only to those encoding proteins related to
phage already present in the public database. As it is not uncommon for newly discovered
phages to encode primarily proteins not related to any in the public database, it is not expected
that this criteria will result in a comprehensive list and there are undoubtedly as-yet unidentified
prophage elements in at least some of the SRB genomes surveyed. Identified SRB prophage
elements were mostly related to P2-like and Mu-like myophage, followed by lambdoid
siphophage and last by podophage. This distribution of phage morphotypes may be biased is
due to the search criteria used. Due to the complexity of contractile tail morphogenesis, P2- and
Mu-like myophage encode more structural proteins then do siphophage or podophage, making
them more likely to be recognized. Podophage encode the least number of structural proteins
and may have the smallest genomes of the three phage morphologies, as a result podophage
prophage elements were most likely to have been overlooked. The most significant impediment
to using an annotation-dependent method is that the RefSeq annotations may be incomplete or
inaccurate. Despite there being hundreds of phage sequences in the public database, and a list
of protein types that are frequently encoded by a phage, protein functional annotations based on
similarity searches against proteins of known function still result in only limited and partial
annotations. In part, this is due to some phage genes having undergone such extreme
divergence that authentic homologous proteins share no amino acid similarity. The extreme
diversity of homologous proteins is most obvious for phage major capsid proteins, which share
the same fold despite there being hundreds of unrelated sequences . Additionally, phage may
possess any one of many analogous but unrelated proteins that carry out the same function, the
most obvious examples of this being the presence of either a Clp-type or herpesvirus-type
protease in the prohead protease protein (23).

E. Isolation of Novel Phage Active Against COSC SRB
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Phage Enrichments

Due to project timeline constraints, the SRB/non-SRB co-cultures established from the
COSC sample were utilized for phage isolation. Two bacteriophage, $COSCD and ¢COSC2,
were isolated from the same BM sample that the host strains were isolated from. These phage
form large, clear plaques on lawns of COSCD and COSC2, respectively (Figure 3). Plaques
took an average of 5 days to appear on bacterial overlays. This time frame is consistent with the
length of time it takes for bacterial growth in the overlay to be apparent. A dilution series of the
phage was made to determine the concentration of phage in the enrichment. The titer of phage
in the original enrichment was found to be 1.5 X 10° plaque forming units (pfu)/ml enrichment. In
an effort to generate a high-titer lysate, 9 agar plates were prepared with overlays containing 10*
pfu phage with the host bacteria. Following a 10 day incubation at room temperature, a 40 mi
lysate was prepared from these plates. Spot titering indicated that the lysate contained 10°
pfu/ml ¢COSC2. Upon isolation of COSCD and COSC2 SRB as pure cultures, it was
demonstrated that the cognate phages formed plaques on lawns of the purified SRB (data not
shown).

Figure 3. Phage active against mixed host lawns of COSCD and COSC2. phiCOSCD: Soft
agar overlay containing the initial COSCD mixed culture (Desulfovibrio halophilus and
Halanaerobium preaevalens) and phage phiCOSC.D. phiCOSC2: Soft agar overlay containing
the initial COSC2 mixed culture (Desulfovibrio halophilus and Halanaerobium preaevalens) and
phage phiCOSC.D.Plaques in this lawn are indicative of phage activity.

Phage Host Range Analysis

Host range analysis was performed by spotting 1.5 X 10* pfu of $COSCD and $COSC2
onto overlays prepared from five of the COSC SRB cultures. No clearings were observed on any
of the overlays except on the specific enrichment host, e.g. $COSC2 forms plaques only on
overlays of host COSC2 and ¢COSCD forms plaques only on overlays of host COSCD. A
collection of SRB phages assembled against collections of oilfield SRB was screened for activity
against the complete COSC and OSP host collections. These phages included ¢Dala.1,
¢Dala.2, ¢Dala.3, ¢Dala.4, ¢Dala.CJ1, )EBS14.1, EBS14.2, ¢EBS14.3, 9EBS14.4, ¢EBS14.5, ¢
EBS14.6, ¢EPF27, ¢EPF27.2, ¢EPF27.3, ¢EPF27.4, ¢WRF 20.1, ¢WRF20.2, $¢WRF20.3,
oPDS.7, ¢COSC2, ¢COSCD. None of these additional SRB phage demonstrated plaque-
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forming activity against the COSC samples. Similarly, phage $COSCD and ¢$COSC2 failed to
form plaques on overlays of 16 additional sulfate reducing bacteria, including additional de novo
SRB isolates as well as ATCC strains of Desulfovibrio longus, D. gabonensis, D. desulfuricans,
D. vulgaris, and D. alaskensis (data not shown).

Isolation and propagation of phage against a mixed culture.

The relative ease in which phages were isolated using mixed cultures for enrichments
was unexpected. Phage capable of infecting both types of bacteria are not expected to exist,
given the narrow host range of phage. both a Firmicute, such as Haloanaerobium and a
Deltaproteobacteria like Desulfovibrio, are not expected to exist so it is unlikely that the phage
infects both bacteria. If only one member of the bacterial population serves as a host, then
plaques should not be visible on agar overlays due to over growth of the non-host bacteria.
Alternatively, the presence of clear plaques is indicative of the strong co-culture dependence of
the different bacteria, and the phage- mediated killing of one type results in growth inhibition the
other. This has implications beyond the scope of this project. The manipulation of phage and
bacteria in pure culture is the hallmark of traditional approaches to microbiology. While the
classical “one bacteria/ one disease” model is extremely useful, many diseases, in particular
chronic wounds are the result of microbial communities rather then single pathogens (153).
Biofilm and biofilm communities are known to play an important role in industrial microbiology
and these systems have more in common with a chronic wound model then what is thought of as
a typical, acute bacterial infection. Bacteria in mixed culture do not necessarily respond to
bactericidal treatments the same was as the same bacteria in a pure culture and thus mixed
culture experiments might be expected to be a better indicator of treatment response as the in
situ populations.

The relative ease in which functional, active phage were isolated against a newly
established SRB culture, and the abundance of prophage elements in the genomic sequences of
SRB, indicate that phage active against members of even a complex SRB community are
abundant. These results supports our original contention that it is possible to cultivate phages
against members of a sulfate reducing, petroleum enriched environments and provides a
framework with which to develop their exploitation as environmentally benign anti-microbials.
(94, 118)

Phage $COSCD Morphology

Particles of phage $COSCD were visualized by electron microscopy (Figure 4). The
phage were revealed to have icosahedral heads and short tails, indicating that they are of the
podoviridae morphology. The head size was calculated to have an average diameter of 70 nm.
This morphology is typical of tailed phage.

Figure 4. Electron micrograph of phiCOSCD particles, revealing a short tailed (podoviridae) morphology.
Scale bare is 100 nm.



Phage Control of SRB Efficacy Testing

Phage control in mixed host cultures

The ability of phage $COSC2 to control host COSC2 (mixed) SRB levels was determined
in liquid cultures. To conduct this experiment, 8 duplicate serial 10-fold dilutions of host COSC2
were prepared in 10 ml culture bottles (Figure 5). The starting inoculum of the serial dilutions
was determined to be 10" cfu/ml. Immediately following host inoculation, 100 ml of phage
$COSC2 stock (at 10’ pfu/ml) was added to four of the eight dilution series. Growth of SRB was
scored after 30 days. Black precipitates indicate positive SRB growth. After 30 days of growth,
the untreated inoculums had grown in cultures diluted to 10" fold. In contrast, 3 of the four
phage treated dilutions exhibited growth only to the 10° dilutions. This indicated that phage to
host rations, or multiplicity of infection, of 10 or greater was sufficient to eliminate all SRB in the
starting sample.

Host SRR COSCD? Inoculum (m)

10° 107 107 107 10* 10* 10° 107 10" 107 10% 10"

'\—l

Phage Treatment

_ moi 10310210110° 10! 10 10%10* 10° 106 LO’ 10°
Figure 5. $COSC2 Efficacy Trial. Effect of different phage/ host ratios. Host COSC2 was serial diluted to 10",

Phage treated samples (+) were inoculated with 107 ¢$COSC2 while the no phage control (-) did not receive
phage. Image of cultures at 30 days after inoculation.

Control of pure Desulfovibrio strain COSC.D by phage $COSC.D

Phage ¢COSC.D was shown previously to control H,S produced by mixed culture
COSC.D (130). In order to determine if phage ¢COSC.D is capable of controlling H,S
production by pure Desulfovibrio strain COSC.D, serial dilutions of pure culture were set
up in 6% MPB in serum bottles. The serial dilutions correspond to inoculation levels of
10° bacteria down to an end point dilution. One set of bottles were challenged with 10°
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phage plaque forming units (pfu) while a duplicate control set was not challenged with
phage (Figure 5). The cultures were incubated and the rate of SRB growth scored by
the appearance of black iron sulfide precipitate. At the end of 31 days incubation, the
series of control bottles that did not receive phage treatment showed evidence of growth
all the way down to the 10° dilution, indicating that the original culture contained around
10° bacterial cells per ml. In contrast, the series of bottle challenged with 10° pfu each
exhibited growth only in the initial bottle that had received one ml of 10° bacteria per ml.
All of the remaining bottles failed to show any evidence of SRB growth as evidenced by
H,S production, even after more than three months incubation following treatment
(Figure 6).

— ‘.I(“ - - ~ -
o Lcopo-2
1111 Bogn 3
e . |

10° 108 107 10° 10° 10 10° 10? 10! 10° <100 <10Q°
Figure 6. Control of Desulfovibrio strain COSC.D by phage ¢COSC.D. Note that volume differences are
due to the removal and testing of samples for phage levels at various time points (data not shown).

Several additional phage efficacy trials gave similar results, with low levels of
phage controlling SRB growth for extended periods. However, the capacity of low moi to
control host levels was not achieved with every trial. When the experiment was
repeated, moi of 1 or greater was required to control host levels for 30 days (Figure 7).
In this experiment, four replicates of phage treated and control (no phage treatment)
samples were set up in parallel. After 30 days incubation, SRB growth was evident in
phage treated samples where the initial phage moi was 10 or less. The reason for the
variations in phage efficacy is unclear. However, phage treatment was sufficient to
eradicate the SRB host and the effect was observed, even after several months
incubation (Figure 7 and data not shown). A difference between the two experiments
was the concentration of host in the initial inoculum; experiment 2 levels were 10 fold
higher then in experiment 1. This might be correlated to an even higher concentration of
H>S in the initial inoculum, which might have inactivated at least some of the phage,
resulting in an even lower effective moi. Clearly, more research is needed to understand
the root cause of the variability in the effectiveness of phage control of SRB.
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Host SRB COSCD?2 Inoculum (ml)

10° 10" 107 10° 10* 10° 10° 107 10° 10° 10 101!

+ 4+ + +

Phage Treatment

Figure 7. $COSCD2 Efficacy Trial. Effect of different phage/ host ratios. Host COSCD2 was serial diluted to
10", Phage treated samples (+) were inoculated with 10° $COSC2 while the no phage control (-) did not
receive phage. Image of cultures at 30 days after inoculation. Image is of the culture vials, black indicates
SRB growth.

Biocide treatments may not completely kill bacterial populations in part because of the
capacity of bacteria to recover from damage or due to the presence of a sub-population of
phenotypically resistant cells. A phage preparation was shown to effectively control SRB
populations for several months following treatment. The use of phage is complicated by the
extremely diverse populations of SRB present in oilfield samples. New approaches must be
developed to take advantage of the bacteriolytic nature of phages while over coming the
challenges of limited host range
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Conclusions

The conclusion should not simply reiterate what was already stated in the “Results and
Discussion" section, but should summarize what has been performed in the project, and
include any implications of how the successes are relevant to technology development in the
future.

* RPSEA funds were obtained for use in evaluating the potential of utilizing bacteriolytic
phage as SRB control agents

* Understanding target bacterial populations is critical for developing phage based control
products

* Two sample locations were chosen for analysis: COSC and the OSP

* Bacterial population analysis was conducted on the COSC and OSP samples

* 47 species of sulfidogenic bacteria, constituting 36% of all bacteria in the samples, were
identified

* 36 species were classified as “true sulfate reducing bacteria”

* Iron reducing bacteria were also present in significant numbers in the OSP samples

* SRB strains were cultured from the COSC and OSP samples

* 46 new prophage elements were identified in the genomes of sequenced SRB

* New phages capable of killing the COSC SRB were isolated

* The effective dose of phage required to control SRB growth varied dramatically between
experiments.

* The reasons for the variable dose requirements are not understood and are the subject of
future research efforts.

* Phage treatments resulted in the extended control of SRB levels, as compared to
untreated samples, and thus holds promise as a biopesticide for use in the petroleum
industry to reduce the need for chemical biocides.

30



31



REFERENCES

1.

10.

11.

12.

13.

Abed RM, Musat N, Musat F, Mussmann M. 2011. Structure of microbial communities
and hydrocarbon-dependent sulfate reduction in the anoxic layer of a polluted
microbial mat. Mar Pollut Bull 62: 539-46

Abildgaard L, Nielsen MB, Kjeldsen KU, Ingvorsen K. 2006. Desulfovibrio
alkalitolerans sp. nov., a novel alkalitolerant, sulphate-reducing bacterium isolated
from district heating water. Int J Syst Evol Microbiol 56: 1019-24

Agrawal A, Vanbroekhoven K, Lal B. 2010. Diversity of culturable sulfidogenic
bacteria in two oil-water separation tanks in the north-eastern oil fields of India.
Anaerobe 16: 12-8

Alain K, Pignet P, Zbinden M, Quillevere M, Duchiron F, et al. 2002. Caminicella
sporogenes gen. nov., sp. nov., a novel thermophilic spore-forming bacterium isolated
from an East-Pacific Rise hydrothermal vent. Int J Syst Evol Microbiol 52: 1621-8
Audiffrin C, Cayol JL, Joulian C, Casalot L, Thomas P, et al. 2003. Desulfonauticus
submarinus gen. nov., sp. nov., a novel sulfate-reducing bacterium isolated from a
deep-sea hydrothermal vent. Int ] Syst Evol Microbiol 53: 1585-90

Balch WE, Schoberth S, Tanner RS, Wolfe RS. 1977.
Acetobacterium,anewgenusofhydrogen-  oxidizing, carbon dixoide-reducing,
anaerobic bacteria. Int.].Syst.Bacteriol. 27: 355-61

Balkwill DL, Reeves RH, Drake GR, Reeves ]Y, Crocker FH, et al. 1997. Phylogenetic
characterization of bacteria in the subsurface microbial culture collection. FEMS
Microbiol Rev 20: 201-16

Barton LL, Fauque GD. 2009. Biochemistry, physiology and biotechnology of sulfate-
reducing bacteria. Adv Appl Microbiol 68: 41-98

Beeder |, Torsvik T, Lien T. 1995. Thermodesulforhabdus norvegicus gen. nov., sp.
nov., a novel thermophilic sulfate-reducing bacterium from oil field water. Arch
Microbiol 164: 331-6

Beliakova EV, Rozanova EP, Borzenkov IA, Turova TP, Pusheva MA, et al. 2006. [The
new facultatively chemolithoautotrophic, moderately halophilic, sulfate-reducing
bacterium Desulfovermiculus halophilus gen. nov., sp. nov., isolated from an oil field].
Mikrobiologiia 75: 201-11

Ben Ali Gam Z, Oueslati R, Abdelkafi S, Casalot L, Tholozan JL, Labat M. 20009.
Desulfovibrio tunisiensis sp. nov., a novel weakly halotolerant, sulfate-reducing
bacterium isolated from exhaust water of a Tunisian oil refinery. Int | Syst Evol
Microbiol 59: 1059-63

Blum ]S, Han S, Lanoil B, Saltikov C, Witte B, et al. 2009. Ecophysiology of
"Halarsenatibacter silvermanii" strain SLAS-1T, gen. nov., sp. nov., a facultative
chemoautotrophic arsenate respirer from salt-saturated Searles Lake, California.
Appl Environ Microbiol 75: 1950-60

Boudaud N, Coton M, Coton E, Pineau S, Travert ], Amiel C. 2010. Biodiversity analysis
by polyphasic study of marine bacteria associated with biocorrosion phenomena. J
Appl Microbiol 109: 166-79

32



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Brakstad OG, Bonaunet K, Nordtug T, Johansen 0. 2004. Biotransformation and
dissolution of petroleum hydrocarbons in natural flowing seawater at low
temperature. Biodegradation 15: 337-46

Calendar RL. 2006. The Bacteriophages. New York: Oxford University Press

Casjens S. 2003. Prophages and bacterial genomics: what have we learned so far? Mol
Microbiol 49:277-300

Casjens SR. 2005. Comparative genomics and evolution of the tailed-bacteriophages.
Curr Opin Microbiol 8: 451-8

Casjens SR. 2008. Diversity among the tailed-bacteriophages that infect the
Enterobacteriaceae. Res Microbiol 159: 340-8

Cayol JL, Fardeau ML, Garcia JL, Ollivier B. 2002. Evidence of interspecies hydrogen
transfer from glycerol in saline environments. Extremophiles 6: 131-4

Cayol JL, Ollivier B, Patel BK, Ageron E, Grimont PA, et al. 1995. Haloanaerobium
lacusroseus sp. nov., an extremely halophilic fermentative bacterium from the
sediments of a hypersaline lake. Int ] Syst Bacteriol 45: 790-7

Cayol JL, Ollivier B, Patel BK, Prensier G, Guezennec J, Garcia JL. 1994. Isolation and
characterization of Halothermothrix orenii gen. nov. sp. nov. a halophilic,
thermophilic, fermentative, strictly anaerobic bacterium. Int J Syst Bacteriol 44: 534-
40

Chen S, Dong X. 2005. Proteiniphilum acetatigenes gen. nov., sp. nov., from a UASB
reactor treating brewery wastewater. Int J Syst Evol Microbiol 55: 2257-61

Cheng H, Shen N, Pei ], Grishin NV. 2004. Double-stranded DNA bacteriophage
prohead protease is homologous to herpesvirus protease. Protein Sci 13: 2260-9
Chistoserdova L, Kalyuzhnaya MG, Lidstrom ME. 2009. The expanding world of
methylotrophic metabolism. Annu Rev Microbiol 63: 477-99

Cohen Y. 2002. Bioremediation of oil by marine microbial mats. Int Microbiol 5: 189-
93

Cox MM, Battista JR. 2005. Deinococcus radiodurans - the consummate survivor. Nat
Rev Microbiol 3: 882-92

D'Ippolito S, de Castro RE, Herrera Seitz K. Chemotactic responses to gas oil of
Halomonas spp. strains isolated from saline environments in Argentina. Rev Argent
Microbiol 43: 107-10

Darouiche RO, Dhir A, Miller AJ, Landon GC, Raad, II, Musher DM. 1994. Vancomycin
penetration into biofilm covering infected prostheses and effect on bacteria. J Infect
Dis 170: 720-3

Daumas S, Cord-Ruwisch R, Garcia JL. 1988. Desulfotomaculum geothermicum sp.
nov., a thermophilic, fatty acid-degrading, sulfate-reducing bacterium isolated with
H2 from geothermal ground water. Antonie Van Leeuwenhoek 54: 165-78

Denger K, Warthmann R, Ludwig W, Schink B. 2002. Anaerophaga thermohalophila
gen. nov., sp. nov., a moderately thermohalophilic, strictly anaerobic fermentative
bacterium. Int ] Syst Evol Microbiol 52: 173-8

Dowd SE, Sun Y, Secor PR, Rhoads DD, Wolcott BM, et al. 2008. Survey of bacterial
diversity in chronic wounds using pyrosequencing, DGGE, and full ribosome shotgun
sequencing. BMC Microbiol 8: 43

Elshahed MS, Najar FZ, Aycock M, Qu C, Roe BA, Krumholz LR. 2005. Metagenomic
analysis of the microbial community at Zodletone Spring (Oklahoma): insights into

33



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

the genome of a member of the novel candidate division OD1. Appl Environ Microbiol
71:7598-602

Eribe ER, Paster BJ, Caugant DA, Dewhirst FE, Stromberg VK, et al. 2004. Genetic
diversity of Leptotrichia and description of Leptotrichia goodfellowii sp. nov.,
Leptotrichia hofstadii sp. nov., Leptotrichia shahii sp. nov. and Leptotrichia wadei sp.
nov. Int ] Syst Evol Microbiol 54: 583-92

Eydal HS, Jagevall S, Hermansson M, Pedersen K. 2009. Bacteriophage lytic to
Desulfovibrio aespoeensis isolated from deep groundwater. ISME ] 3: 1139-47

Fardeau ML, Ollivier B, Patel BK, Dwivedi P, Ragot M, Garcia JL. 1995. Isolation and
characterization of a thermophilic sulfate-reducing bacterium, Desulfotomaculum
thermosapovorans sp. nov. Int | Syst Bacteriol 45: 218-21

Finster K, Liesack W, Tindall BJ]. 1997. Sulfurospirillum arcachonense sp. nov., a new
microaerophilic sulfur-reducing bacterium. Int J Syst Bacteriol 47: 1212-7

Foulquie Moreno MR, Sarantinopoulos P, Tsakalidou E, De Vuyst L. 2006. The role
and application of enterococci in food and health. Int ] Food Microbiol 106: 1-24
Fracek SP, Jr., Stolz JF. 1985. Spirochaeta bajacaliforniensis sp. n. from a microbial mat
community at Laguna Figueroa, Baja California Norte, Mexico. Arch Microbiol 142:
317-25

Friedrich MW. 2002. Phylogenetic analysis reveals multiple lateral transfers of
adenosine-5'-phosphosulfate reductase genes among sulfate-reducing
microorganisms. | Bacteriol 184: 278-89

Garnova ES, Zhilina TN, Tourova TP, Kostrikina NA, Zavarzin GA. 2004. Anaerobic,
alkaliphilic, saccharolytic bacterium Alkalibacter saccharofermentans gen. nov., sp.
nov. from a soda lake in the Transbaikal region of Russia. Extremophiles 8: 309-16
Gauthier MJ, Lafay B, Christen R, Fernandez L, Acquaviva M, et al. 1992. Marinobacter
hydrocarbonoclasticus gen. nov. sp. nov., a new, extremely halotolerant,
hydrocarbon-degrading marine bacterium. Int J Syst Bacteriol 42: 568-76

Gittel A, Sorensen KB, Skovhus TL, Ingvorsen K, Schramm A. 2009. Prokaryotic
community structure and sulfate reducer activity in water from high-temperature oil
reservoirs with and without nitrate treatment. Appl Environ Microbiol 75: 7086-96
Gonzalez JE, Marketon MM. 2003. Quorum sensing in nitrogen-fixing rhizobia.
Microbiol Mol Biol Rev 67: 574-92

Goodridge L, Abedon Stephen T. 2003. Bacteriophage biocontrol and bioprocessing:
Application of phage therapy to Industry. Feature article: 254

Gorshkova NM, Ivanova EP, Sergeev AF, Zhukova NV, Alexeeva Y, et al. 2003.
Marinobacter excellens sp. nov., isolated from sediments of the Sea of Japan. Int ] Syst
Evol Microbiol 53: 2073-8

Gray ND, Sherry A, Grant R], Rowan AK, Hubert CR, et al. 2011. The quantitative
significance of Syntrophaceae and syntrophic partnerships in methanogenic
degradation of crude oil alkanes. Environ Microbiol 13: 2957-75

Grossman AR. 2007. In the grip of algal genomics. Adv Exp Med Biol 616: 54-76

Gu J, Cai H, Yu SL, Qu R, Yin B, et al. 2007. Marinobacter gudaonensis sp. nov., isolated
from an oil-polluted saline soil in a Chinese oilfield. Int J Syst Evol Microbiol 57: 250-4
Handley J, Adams V, Akagi JM. 1973. Morphology of bacteriophage-like particles from
Desulfovibrio vulgaris. | Bacteriol 115: 1205-7

34



50.

51.

52.

53.

54.
55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Haritash AK, Kaushik CP. 2009. Biodegradation aspects of polycyclic aromatic
hydrocarbons (PAHs): a review. ] Hazard Mater 169: 1-15

Hatfull GF. 2008. Bacteriophage genomics. Curr Opin Microbiol 11: 447-53

Hatfull GF, Jacobs-Sera D, Lawrence ]G, Pope WH, Russell DA, et al. 2010.
Comparative genomic analysis of 60 Mycobacteriophage genomes: genome
clustering, gene acquisition, and gene size. ] Mol Biol 397: 119-43

Hiraishi A, Kishimoto N, Kosako Y, Wakao N, Tano T. 1995. Phylogenetic position of
the menaquinone-containing acidophilic chemo-organotroph Acidobacterium
capsulatum. FEMS Microbiol Lett 132: 91-4

Housby JN, Mann NH. 2009. Phage therapy. Drug Discov Today 14: 536-40

Huang X, Tian Y, Luo YR, Liu HJ, Zheng W, Zheng TL. 2008. Modified sublimation to
isolate phenanthrene-degrading bacteria of the genera Sphingomonas and
Burkholderia from Xiamen oil port. Mar Pollut Bull 57: 538-43

Huber r, Hannig M. 2006. Thermotogales. In The Prokaryotes, pp. 899-922

Hubert CR, Oldenburg TB, Fustic M, Gray ND, Larter SR, et al. 2011. Massive
dominance of Epsilonproteobacteria in formation waters from a Canadian oil sands
reservoir containing severely biodegraded oil. Environ Microbiol

Imachi H, Sekiguchi Y, Kamagata Y, Hanada S, Ohashi A, Harada H. 2002.
Pelotomaculum thermopropionicum gen. nov., sp. nov., an anaerobic, thermophilic,
syntrophic propionate-oxidizing bacterium. Int ] Syst Evol Microbiol 52: 1729-35
Inagaki F, Takai K, Nealson KH, Horikoshi K. 2004. Sulfurovum lithotrophicum gen.
nov., sp. nov.,, a novel sulfur-oxidizing chemolithoautotroph within the epsilon-
Proteobacteria isolated from Okinawa Trough hydrothermal sediments. Int | Syst
Evol Microbiol 54: 1477-82

Isenbarger TA, Finney M, Rios-Velazquez C, Handelsman ], Ruvkun G. 2008.
Miniprimer PCR, a new lens for viewing the microbial world. Appl Environ Microbiol
74:840-9

Ivanova N, Sikorski J, Chertkov O, Nolan M, Lucas S, et al. 2011. Complete genome
sequence of the extremely halophilic Halanaerobium praevalens type strain (GSL).
Stand Genomic Sci 4: 312-21

Jakobsen TF, Kjeldsen KU, Ingvorsen K. 2006. Desulfohalobium utahense sp. nov., a
moderately halophilic, sulfate-reducing bacterium isolated from Great Salt Lake. Int J
Syst Evol Microbiol 56: 2063-9

Jiang H, Dong H, Yu B, Liu X, Li Y, et al. 2007. Microbial response to salinity change in
Lake Chaka, a hypersaline lake on Tibetan plateau. Environ Microbiol 9: 2603-21

Jin HJ, Lv ], Chen SF. 2011. Paenibacillus sophorae sp. nov., a nitrogen-fixing species
isolated from the rhizosphere of Sophora japonica. Int | Syst Evol Microbiol 61: 767-
71

Kahru A, Reiman R, Ratsep A. 1998. The efficiency of different phenol-degrading
bacteria and activated sludges in detoxification of phenolic leachates. Chemosphere
37:301-18

Kieft TL, Fredrickson JK, Onstott TC, Gorby YA, Kostandarithes HM, et al. 1999.
Dissimilatory reduction of Fe(III) and other electron acceptors by a Thermus isolate.
Appl Environ Microbiol 65: 1214-21

Kim KH, Ten LN, Liu QM, Im WT, Lee ST. 2006. Sphingobacterium daejeonense sp.
nov., isolated from a compost sample. Int J Syst Evol Microbiol 56: 2031-6

35



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kivisto A, Santala V, Karp M. 2010. Hydrogen production from glycerol using
halophilic fermentative bacteria. Bioresour Technol 101: 8671-7

Kjeldsen KU, Loy A, Jakobsen TF, Thomsen TR, Wagner M, Ingvorsen K. 2007.
Diversity of sulfate-reducing bacteria from an extreme hypersaline sediment, Great
Salt Lake (Utah). FEMS Microbiol Ecol 60: 287-98

Klein M, Friedrich M, Roger AJ, Hugenholtz P, Fishbain S, et al. 2001. Multiple lateral
transfers of dissimilatory sulfite reductase genes between major lineages of sulfate-
reducing prokaryotes. /] Bacteriol 183: 6028-35

Kobayashi T, Kimura B, Fujii T. 2000. Haloanaerobium fermentans sp. nov., a strictly
anaerobic, fermentative halophile isolated from fermented puffer fish ovaries. Int |
Syst Evol Microbiol 50 Pt 4: 1621-7

Kragelund C, Thomsen TR, Mielczarek AT, Nielsen PH. 2011. Eikelboom's
morphotype 0803 in activated sludge belongs to the genus Caldilinea in the phylum
Chloroflexi. FEMS Microbiol Ecol 76: 451-62

Kropinski AM. 2006. Phage Therapy - Everything Old is New Again. Can ] Infect Dis
Med Microbiol 17: 297-306

Lapidus A, Chertkov O, Nolan M, Lucas S, Hammon N, et al. Genome sequence of the
moderately thermophilic halophile Flexistipes sinusarabici strain (MAS10). Stand
Genomic Sci 5: 86-96

Larsen ], Skovhus T, Thomsen T. 2006. Bacterial diversity study applying novel
molecular methods on Halfdan produced waters. NACE Corrosion 2006 San Diego
2006: paper 06668

Lonergan D], Jenter HL, Coates ]D, Phillips EJ, Schmidt TM, Lovley DR. 1996.
Phylogenetic analysis of dissimilatory Fe(Ill)-reducing bacteria. J Bacteriol 178:
2402-8

Lovley DR, Phillips EJ, Lonergan D], Widman PK. 1995. Fe(IlI) and SO reduction by
Pelobacter carbinolicus. Appl Environ Microbiol 61: 2132-8

Macedo AJ, Timmis KN, Abraham WR. 2007. Widespread capacity to metabolize
polychlorinated biphenyls by diverse microbial communities in soils with no
significant exposure to PCB contamination. Environ Microbiol 9: 1890-7

Magot M, Basso O, Tardy-Jacquenod C, Caumette P. 2004. Desulfovibrio bastinii sp.
nov. and Desulfovibrio gracilis sp. nov., moderately halophilic, sulfate-reducing
bacteria isolated from deep subsurface oilfield water. Int | Syst Evol Microbiol 54:
1693-7

Magot M, Fardeau ML, Arnauld O, Lanau C, Ollivier B, et al. 1997. Spirochaeta
smaragdinae sp. nov., a new mesophilic strictly anaerobic spirochete from an oil field.
FEMS Microbiol Lett 155: 185-91

Masepohl B, Hallenbeck PC. 2010. Nitrogen and molybdenum control of nitrogen
fixation in the phototrophic bacterium Rhodobacter capsulatus. Adv Exp Med Biol 675:
49-70

Mateos LM, Ordonez E, Letek M, Gil JA. 2006. Corynebacterium glutamicum as a model
bacterium for the bioremediation of arsenic. Int Microbiol 9: 207-15

Mattey M, Spencer J. 2008. Bacteriophage therapy--cooked goose or phoenix rising?
Curr Opin Biotechnol 19: 608-12

Maxwell S, Cambell S. 2006. Monitoring the mitigation of MIC risk in pipelines. NACE
Corrosion 2006 San Diego 2006: paper 06662

36



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Mayilraj S, Kaksonen AH, Cord-Ruwisch R, Schumann P, Sproer C, et al. 2009.
Desulfonauticus autotrophicus sp. nov., a novel thermophilic sulfate-reducing
bacterium isolated from oil-production water and emended description of the genus
Desulfonauticus. Extremophiles 13: 247-55

McBeth JM, Little BJ], Ray RI, Farrar KM, Emerson D. 2011. Neutrophilic iron-oxidizing
"zetaproteobacteria” and mild steel corrosion in nearshore marine environments.
Appl Environ Microbiol 77: 1405-12

McInerney M]J, Bryant MP, Hespell RB, Costerton JW. 1981. Syntrophomonas wolfei
gen. nov. sp. nov., an Anaerobic, Syntrophic, Fatty Acid-Oxidizing Bacterium. Appl
Environ Microbiol 41: 1029-39

Meyer B, Kuever ]J. 2007. Phylogeny of the alpha and beta subunits of the
dissimilatory adenosine-5'-phosphosulfate (APS) reductase from sulfate-reducing
prokaryotes--origin and evolution of the dissimilatory sulfate-reduction pathway.
Microbiology 153: 2026-44

Miller ], Tiller A. 1970. Microbial corrosion of buried and immersed metal. Microbial
Aspect of Metallurgy Elservier, New York

Miranda-Tello E, Fardeau ML, Fernandez L, Ramirez F, Cayol JL, et al. 2003.
Desulfovibrio capillatus sp. nov., a novel sulfate-reducing bacterium isolated from an
oil field separator located in the Gulf of Mexico. Anaerobe 9: 97-103

Moune S, Caumette P, Matheron R, Willison ]JC. 2003. Molecular sequence analysis of
prokaryotic diversity in the anoxic sediments underlying cyanobacterial mats of two
hypersaline ponds in Mediterranean salterns. FEMS Microbiol Ecol 44: 117-30
Muyzer G, Stams AJ. 2008. The ecology and biotechnology of sulphate-reducing
bacteria. Nat Rev Microbiol 6: 441-54

Nelson JL, Fung JM, Cadillo-Quiroz H, Cheng X, Zinder SH. 2011. A role for
Dehalobacter spp. in the reductive dehalogenation of dichlorobenzenes and
monochlorobenzene. Environ Sci Technol 45: 6806-13

Neria-Gonzalez I, Wang ET, Ramirez F, Romero JM, Hernandez-Rodriguez C. 2006.
Characterization of bacterial community associated to biofilms of corroded oil
pipelines from the southeast of Mexico. Anaerobe 12: 122-33

Nishiyama T, Ueki A, Kaku N, Watanabe K, Ueki K. 2009. Bacteroides graminisolvens
sp. nov., a xylanolytic anaerobe isolated from a methanogenic reactor treating cattle
waste. Int ] Syst Evol Microbiol 59: 1901-7

Nunoura T, Oida H, Miyazaki M, Suzuki Y, Takai K, Horikoshi K. 2007. Desulfothermus
okinawensis sp. nov., a thermophilic and heterotrophic sulfate-reducing bacterium
isolated from a deep-sea hydrothermal field. Int J Syst Evol Microbiol 57: 2360-4
Okabe S, Odagiri M, Ito T, Satoh H. 2007. Succession of sulfur-oxidizing bacteria in the
microbial community on corroding concrete in sewer systems. Appl Environ
Microbiol 73: 971-80

Ollivier B, Caumette P, Garcia JL, Mah RA. 1994. Anaerobic bacteria from hypersaline
environments. Microbiol Rev 58: 27-38

Oren A. 2000. Change of the names Haloanaerobiales, Haloanaerobiaceae and
Haloanaerobium to Halanaerobiales, Halanaerobiaceae and Halanaerobium,
respectively, and further nomenclatural changes within the order Halanaerobiales.
Int ] Syst Evol Microbiol 50 Pt 6: 2229-30

37



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Pagani I, Lapidus A, Nolan M, Lucas S, Hammon N, et al. 2011. Complete genome
sequence of Desulfobulbus propionicus type strain (1pr3). Stand Genomic Sci 4: 100-
10

Penner T], Foght JM. 2010. Mature fine tailings from oil sands processing harbour
diverse methanogenic communities. Can | Microbiol 56: 459-70

Pfennig N, Biebl H. 1976. Desulfuromonas acetoxidans gen. nov. and sp. nov., a new
anaerobic, sulfur-reducing, acetate-oxidizing bacterium. Arch Microbiol 110: 3-12
Pfennig NF, Widdeland, Truper HG. 1981. The dissimmilatory sulfate-reducing
bacteria In The Prokaryotes, a handbook on habitat, isolation, and identification of
bacteria, ed. MP Starr, H Stolp, HG Truper, A Balows, HG Schlegel, pp. 926-40. New
York: Springer-Verlag

Pham VD, Hnatow LL, Zhang S, Fallon RD, Jackson SC, et al. 2009. Characterizing
microbial diversity in production water from an Alaskan mesothermic petroleum
reservoir with two independent molecular methods. Environ Microbiol 11: 176-87
Pikuta EV, Hoover RB, Bej AK, Marsic D, Detkova EN, et al. 2003. Tindallia
californiensis sp. nov., a new anaerobic, haloalkaliphilic, spore-forming acetogen
isolated from Mono Lake in California. Extremophiles 7: 327-34

Postgate JR. 1984. The sulfate-reducing bacteria. Cambridge, UK: Cambridge
University Press

Radwan S, Mahmoud H, Khanafer M, Al-Habib A, Al-Hasan R. Identities of epilithic
hydrocarbon-utilizing diazotrophic bacteria from the Arabian Gulf Coasts, and their
potential for oil bioremediation without nitrogen supplementation. Microb Ecol 60:
354-63

Rainey FA, Zhilina TN, Boulygina ES, Stackebrandt E, Tourova TP, Zavarzin GA. 1995.
The taxonomic status of the fermentative halophilic anaerobic bacteria: description
of Haloanaerobiales ord. nov., Halobacteroidaceae fam. nov., Orenia gen. nov. and
further taxonomic rearrangements at the genus and species level. Anaerobe 1: 185-
99

Rajasekar A, Anandkumar B, Maruthamuthu S, Ting YP, Rahman PK. 2010.
Characterization of corrosive bacterial consortia isolated from petroleum-product-
transporting pipelines. Appl Microbiol Biotechnol 85: 1175-88

Ravot G, Casalot L, Ollivier B, Loison G, Magot M. 2005. rdlA, a new gene encoding a
rhodanese-like protein in Halanaerobium congolense and other thiosulfate-reducing
anaerobes. Res Microbiol 156: 1031-8

Ravot G, Magot M, Ollivier B, Patel BK, Ageron E, et al. 1997. Haloanaerobium
congolense sp. nov., an anaerobic, moderately halophilic, thiosulfate- and sulfur-
reducing bacterium from an African oil field. FEMS Microbiol Lett 147: 81-8

Rich JO, Leathers TD, Nunnally MS, Bischoff KM. 2011. Rapid evaluation of the
antibiotic susceptibility of fuel ethanol contaminant biofilms. Bioresour Technol 102:
1124-30

Rios-Hernandez LA, Gieg LM, Suflita JM. 2003. Biodegradation of an alicyclic
hydrocarbon by a sulfate-reducing enrichment from a gas condensate-contaminated
aquifer. Appl Environ Microbiol 69: 434-43

Roh H, Ko HJ, Kim D, Choi DG, Park S, et al. 2011. Complete genome sequence of a
carbon monoxide-utilizing acetogen, Eubacterium limosum KIST612. ] Bacteriol 193:
307-8

38



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ryu SH, Chung BS, Le NT, Jang HH, Yun PY, et al. 2008. Devosia geojensis sp. nov.,
isolated from diesel-contaminated soil in Korea. Int ] Syst Evol Microbiol 58: 633-6
Schmidt TM, Arieli B, Cohen Y, Padan E, Strohl WR. 1987. Sulfur metabolism in
Beggiatoa alba. ] Bacteriol 169: 5466-72

Schnell S, Bak F, Pfennig N. 1989. Anaerobic degradation of aniline and
dihydroxybenzenes by newly isolated sulfate-reducing bacteria and description of
Desulfobacterium anilini. Arch Microbiol 152: 556-63

Sette LD, Simioni KC, Vasconcellos SP, Dussan L], Neto EV, Oliveira VM. 2007.
Analysis of the composition of bacterial communities in oil reservoirs from a
southern offshore Brazilian basin. Antonie Van Leeuwenhoek 91: 253-66

Seyedirashti S, Wood C, Akagi JM. 1991. Induction and partial purification of
bacteriophages from Desulfovibrio vulgaris (Hildenborough) and Desulfovibrio
desulfuricans ATCC 13541. ] Gen Microbiol 137: 1545-9

Seyedirashti S, Wood C, Akagi JM. 1992. Molecular characterization of two
bacteriophages isolated from Desulfovibrio vulgaris NCIMB 8303 (Hildenborough). J
Gen Microbiol 138: 1393-7

Shukor MY, Dahalan FA, Jusoh AZ, Muse R, Shamaan NA, Syed MA. 20009.
Characterization of a diesel-degrading strain isolated from a hydrocarbon-
contaminated site. /] Environ Biol 30: 145-50

Sorokin DY, Tourova TP, Kolganova TV, Detkova EN, Galinski EA, Muyzer G. 2011.
Culturable diversity of lithotrophic haloalkaliphilic sulfate-reducing bacteria in soda
lakes and the description of Desulfonatronum thioautotrophicum sp. nov.,
Desulfonatronum thiosulfatophilum sp. nov., Desulfonatronovibrio thiodismutans sp.
nov., and Desulfonatronovibrio magnus sp. nov. Extremophiles 15: 391-401

Sorokin DY, Tourova TP, Kolganova TV, Spiridonova EM, Berg 1A, Muyzer G. 2006.
Thiomicrospira  halophila sp. nov., a moderately halophilic, obligately
chemolithoautotrophic, sulfur-oxidizing bacterium from hypersaline lakes. Int J Syst
Evol Microbiol 56: 2375-80

Sorokin DY, Tourova TP, Mussmann M, Muyzer G. 2008. Dethiobacter alkaliphilus gen.
nov. sp. nov. and Desulfurivibrio alkaliphilus gen. nov. sp. nov.. two novel
representatives of reductive sulfur cycle from soda lakes. Extremophiles 12: 431-9
Spring S, Nolan M, Lapidus A, Glavina Del Rio T, Copeland A, et al. 2010. Complete
genome sequence of Desulfohalobium retbaense type strain (HR(100)). Stand
Genomic Sci 2: 38-48

Srinivasiah S, Bhavsar |, Thapar K, Liles M, Schoenfeld T, Wommack KE. 2008. Phages
across the biosphere: contrasts of viruses in soil and aquatic environments. Res
Microbiol 159: 349-57

Stams A], Huisman ], Garcia Encina PA, Muyzer G. 2009. Citric acid wastewater as
electron donor for biological sulfate reduction. Appl Microbiol Biotechnol 83: 957-63
Stevenson BS, Drilling HS, Lawson PA, Duncan KE, Parisi VA, Suflita JM. 2011.
Microbial communities in bulk fluids and biofilms of an oil facility have similar
composition but different structure. Environ Microbiol 13: 1078-90

Stiles ME, Holzapfel WH. 1997. Lactic acid bacteria of foods and their current
taxonomy. Int ] Food Microbiol 36: 1-29

39



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Summer E, Liu M, Summer N, Gill ], Janes C, Young R. 2011. Phage of sulfate reducing
bacteria isolated from high saline environment. Corrosion 2011 Houston Texas NACE
2011: paper 11222

Summer EJ, Gill JJ, Upton C, Gonzalez CF, Young R. 2007. Role of phages in the
pathogenesis of Burkholderia, or 'Where are the toxin genes in Burkholderia
phages?'. Curr Opin Microbiol 10: 410-7

Summer EJ, Gonzalez CF, Bomer M, Carlile T, Embry A, et al. 2006. Divergence and
mosaicism among virulent soil phages of the Burkholderia cepacia complex. |
Bacteriol 188: 255-68

Summer EJ, Liu M, Gill JJ, Grant M, Chan-Cortes TN, et al. 2011. Genomic and
functional analysis of Rhodococcus equi phages ReqiPepy6, ReqiPoco6, ReqiPine5 and
ReqiDocB7. Appl Environ Microbiol in press.

Summer NS, Summer EJ, Gill JJ, Young R. 2009. Phage remediation of microbe-
induced corrosion. NACE international

Sun B, Cole JR, Sanford RA, Tiedje JM. 2000. Isolation and characterization of
Desulfovibrio dechloracetivorans sp. nov., a marine dechlorinating bacterium growing
by coupling the oxidation of acetate to the reductive dechlorination of 2-
chlorophenol. Appl Environ Microbiol 66: 2408-13

Suthar H, Hingurao K, Desai A, Nerurkar A. 2009. Selective plugging strategy-based
microbial-enhanced oil recovery using Bacillus licheniformis TT33. ] Microbiol
Biotechnol 19: 1230-7

Suzuki D, Ueki A, Amaishi A, Ueki K. 2007. Desulfopila aestuarii gen. nov., sp. nov., a
Gram-negative, rod-like, sulfate-reducing bacterium isolated from an estuarine
sediment in Japan. Int ] Syst Evol Microbiol 57: 520-6

Suzuki M, Nakagawa Y, Harayama S, Yamamoto S. 1999. Phylogenetic analysis of
genus Marinilabilia and related bacteria based on the amino acid sequences of gyrB
and emended description of Marinilabilia salmonicolor with Marinilabilia
agarovorans as its subjective synonym. Int J Syst Bacteriol 49 Pt 4: 1551-7
Tardy-Jacquenod C, Magot M, Laigret F, Kaghad M, Patel BK, et al. 1996. Desulfovibrio
gabonensis sp. nov., a new moderately halophilic sulfate-reducing bacterium isolated
from an oil pipeline. Int ] Syst Bacteriol 46: 710-5

Thomas JA, Soddell JA, Kurtboke DI. 2002. Fighting foam with phages? Water Sci
Technol 46: 511-8

Tsu II, Huang C, Garcia J, Patel BKC, Cayol JL, et al. 1998. Isolation and
characterization of desulfovibrio senezii sp. nov., A halotolerant sulfate reducer from
a solar saltern and phylogenetic confirmation of desulfovibrio fructosovorans as a
new species. Arch Microbiol 170: 313-7

Ueki A, Akasaka H, Suzuki D, Ueki K. 2006. Paludibacter propionicigenes gen. nov., sp.
nov., a novel strictly anaerobic, Gram-negative, propionate-producing bacterium
isolated from plant residue in irrigated rice-field soil in Japan. Int J Syst Evol Microbiol
56: 39-44

Van Loosdrecht M, Heijnen ], Eberl H, Kreft ], Picioreanu C. 2002. Mathematical
modeling of biofilm structures. Antonie van Leeuwenhoek 81: 245-56

van Passel MW, Kant R, Palva A, Copeland A, Lucas S, et al. Genome sequence of the
verrucomicrobium Opitutus terrae PB90-1, an abundant inhabitant of rice paddy soil
ecosystems. | Bacteriol 193: 2367-8

40



145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Vandieken V, Mussmann M, Niemann H, Jorgensen BB. 2006. Desulfuromonas
svalbardensis sp. nov. and Desulfuromusa ferrireducens sp. nov., psychrophilic, Fe(III)-
reducing bacteria isolated from Arctic sediments, Svalbard. Int | Syst Evol Microbiol
56:1133-9

Videla HA. 1996. Mannual of Biocorrosion. Boca Raton, Florida: CRC Lewis Publishers
Videla HA, Herrera LK. 2005. Microbiologically influenced corrosion: Looking to the
future. international microbioligy: 169

Wagner M, Loy A, Klein M, Lee N, Ramsing NB, et al. 2005. Functional marker genes
for identification of sulfate-reducing prokaryotes. Methods Enzymol 397: 469-89
Wagner M, Roger A, Flax JL, Brusseau GA, Stahl DA. 1998. Phylogeny of dissimilatory
sulfite reductases supports an early origin of sulfate respiration. / Bacteriol 180:
2975-82

Walker CB, Stolyar SS, Pinel N, Yen HC, He Z, et al. 2006. Recovery of temperate
Desulfovibrio vulgaris bacteriophage using a novel host strain. Environ Microbiol 8:
1950-9

Wei L, Ma F, Zhao G. 2010. Composition and dynamics of sulfate-reducing bacteria
during the waterflooding process in the oil field application. Bioresour Technol 101:
2643-50

Westerholm M, Roos S, Schnurer A. Syntrophaceticus schinkii gen. nov., sp. nov., an
anaerobic, syntrophic acetate-oxidizing bacterium isolated from a mesophilic
anaerobic filter. FEMS Microbiol Lett 309: 100-4

Wolcott RD, Rhoads DD, Bennett ME, Wolcott BM, Gogokhia L, et al. 2010. Chronic
wounds and the medical biofilm paradigm. ] Wound Care 19: 45-6, 8-50, 2-3

Yakimov MM, Timmis KN, Golyshin PN. 2007. Obligate oil-degrading marine bacteria.
Curr Opin Biotechnol 18: 257-66

Yoon JH, Lee KC, Kho YH, Kang KH, Kim CJ, Park YH. 2002. Halomonas alimentaria sp.
nov., isolated from jeotgal, a traditional Korean fermented seafood. Int J Syst Evol
Microbiol 52: 123-30

Zhang H, Sekiguchi Y, Hanada S, Hugenholtz P, Kim H, et al. 2003. Gemmatimonas
aurantiaca gen. nov., Sp. nov., a gram-negative, aerobic, polyphosphate-accumulating
micro-organism, the first cultured representative of the new bacterial phylum
Gemmatimonadetes phyl. nov. Int ] Syst Evol Microbiol 53: 1155-63

Zhang L, De Schryver P, De Gusseme B, De Muynck W, Boon N, Verstraete W. 2008.
Chemical and biological technologies for hydrogen sulfide emission control in sewer
systems: a review. Water Res 42: 1-12

Zhao YG, Wang AJ, Ren NQ. 2009. Effect of sulfate absence and nitrate addition on
bacterial community in a sulfidogenic bioreactor. ] Hazard Mater 172: 1491-7

Zhilina TN, Zavarzin GA, Rainey FA, Pikuta EN, Osipov GA, Kostrikina NA. 1997.
Desulfonatronovibrio hydrogenovorans gen. nov., sp. nov., an alkaliphilic, sulfate-
reducing bacterium. Int ] Syst Bacteriol 47: 144-9

Zverlov V, Klein M, Lucker S, Friedrich MW, Kellermann ], et al. 2005. Lateral gene
transfer of dissimilatory (bi)sulfite reductase revisited. ] Bacteriol 187: 2203-8

41



BIBLIOGRAPHY

LIST OF ACRONYMS AND ABBREVIATIONS

Key words: sulfate reducing bacteria, phage, high saline environment, oil and gas industry,
chemical biocides

crude oil salt storage cavern (COSC)

on shore pipeline (OSP)

microbial influenced corrosion (MIC)
temperature gradient gel electrophoresis (TGGE)
most probable number (MPN)

acid producing bacteria (APB)

sulfate reducing bacteria (SRB)

Modified Postgate’s B Broth (MPB)

APPENDICES

Appendix A. Full water analysis for OSP samples.

OSP Sample 3 OSP Sample 5 OSP Sample 7
Analysis 9300 Barrels 21,400 Barrels 34,000 Barrels
Aluminium 0.283 ppm 4.44 ppm 3.23 ppm
Barium 38.9 ppm 19.6 ppm 18.3 ppm
Bromide <0.060 ppm <0.060 ppm <0.060 ppm
Cadmium <0.006 ppm <0.006 ppm <0.006 ppm
Carbonate 0.00 mg/L 0.00 mg/L 0.00 mg/L
Chloride 70,500 ppm 71,800 ppm 76,300 ppm
Chromium <0.005 ppm <0.005 ppm <0.005 ppm
Copper <0.010 ppm <0.010 ppm 0.637 ppm
Fluoride 52.1 ppm 55.2 ppm 55.7 ppm
Iron 3.87 ppm 5.51 ppm 4.16 ppm
Lead 0.053 ppm 0.039 ppm 0.027 ppm
Magnesium 800 ppm 735 ppm 449 ppm
Manganese 0.410 ppm 0.447 ppm 0.531 ppm
Nickel <0.005 ppm <0.005 ppm <0.005 ppm
Nitrate-N 12.6 ppm 13.8 ppm <0.060 ppm




Nitrite-N <0.060 ppm <0.060 ppm <0.060 ppm
Phosphate <0.090 ppm <0.090 ppm <0.090 ppm
Potassium 383 ppm 330 ppm 385 ppm
Sodium 22,100 ppm 18,000 ppm 22,100 ppm
Sulfate 45.2 ppm 54.5 ppm 43.1 ppm

Zinc 0.221 ppm 0.221 ppm 0.577 ppm
Alkalinity 336 mg/L CaCO3 | 360 mg/L CaCO3 352 mg/L CaCO3
Conductance 142.0 mS 136.6 mS 147.8 mS
Specific Gravity 1.066 0.937 1.014
Sulfide 2.4 ppm 2.4 ppm 2.4 ppm

TDS 145,000 ppm 142,000 ppm 149,000 ppm
Corrosion Inhibitor PPM PPM PPM
Imidazoline <50 ppm <50 ppm <10 ppm
Quaternary Amines <50 ppm <50 ppm <10 ppm

VFA PPM PPM PPM

Acetate <2 ppm <2 ppm <2 ppm
Formate <2 ppm <2 ppm <2 ppm
Butyrate <2 ppm <2 ppm <2 ppm
Proprionate <2 ppm <2 ppm <2 ppm

Samples collected at approximately 9300, 21,400, and 34,000 barrels of water received at
GIT. There was no immediately detectable carbon source. Upstream data is required to
confirm this. Corrosion inhibitor was less than 50 ppm in the samples collected at GIT. No
significant corrosion risks were identified in the analysis above except for the concentration

of chloride in the system. Lab Ref. No. 10010-REP-001
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Appendix B. SRB Media Component Comparisons

Component, per L 1D.aespoeensis MPB *D.marrakechis “D. longus
KH2PO4 0.15 059 05g none
K2HPO4 none none 05¢g none
NHA4CI 1 1.0g 059 1.0g
Na2S04 109 none 20g
CaClI2*6H20 1.0 g (*2H20) 0.1g 0.05g (*2H20) | 1.0 g (*2H20)
MgS04 (anhydrous) 0.3 (*7H20) 1.0g none 1.0 g *7H20
MgCI2*6H2) 0.5 none 0.3¢g none
KCI 0.67 none 0.1g none
KHCO3 none none none 0.3¢g
cystiene hydrochloride
after autoclave 10 ml none 0.25¢ 05¢g
MOPS buffer none none 3.0¢g
trace mineral solution 10 mL none 1 ml none
resazurin, 0.1% after
autoclave 2 ml none 1 ml none
NaHCQO3 after autoclave none none to 30 mM none
Na2S*9H20 after
autoclave 10 ml none to 1.7 mM none
121 Vitamine after
autoclave 10 mL none 1 ml none
vitamin B12 stock after
autoclave 1 mi none none none
thiamine stock after
autoclave 1 mi none none none
Na Lactate (60%) 5mi 4.7 mL none 6.0 ml
Yeast Extract 05¢g 109 01g 109
Sodium acetate none 25¢g none 109
Na thioglycolate/

Mercaptoacetic Acid none 01g none none
Sodium ascorbate none 0.1g none none
FeS04*7H20 none 0.5g none 1 mlof 0.4%
NaCl 11.9 25 g NaCl 0449 none
Instant Ocean

For 2.5% MPB none 5¢g none none
For 6% MPB none 20g none none
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Appendix C. Bacterial Diversity of COSC and OSP samples.

Ccos

Species 1;:/4 CZ('/JZSsC OiP. OgP. OgP. OSDP' Metabolism Lookup Ref
Acetobacter syzygii 0 0.03 0 0 0
Acetobacterium tundrae 0| 003 0] 002 0 APB (6)
Acidobacterium sp 0| 003 0 0] 007 APB (53)
Acinetobacter johnsonii 0 0 0 0 0] 0.04
Actinomycetales sp 0| 005 0 0 0 0
Alkalibacter sp 0 0 0 0 0 | 0.12 | Biodeg sugars alkaliphile (40)
Alkalibacterium sp 0| 003 0 0 0 0 | alkaliphile
Alkaliflexus imshenetskii 0 0| 029 | 0.08 0| 041 alkaliphile
Alkaliflexus sp 0 0 0| 0.02 0 0 | alkaliphile
Allochromatium palmeri 0 0 0 0 0| 0.04
Anaerophaga sp 004 | 003| 022| 006 | 015 | 0.2 Fermthermophile (30)
ﬁlr:?nrgﬁgaiahila 0 01 007 00471 003 042 po ) thormophile (30)
Aquicella sp 0 0.03 0 0 0 0
Arcobacter sp 0.04 0 029]| 0.29 0.72 | 1.63 | NRSOB (57)
Arenimonas sp 0] 0.07 0.1 0.03
Arhodomonas sp 0.03 0 0 0
Avibacterium sp 0| 007 | 0.02 0
Bacillus azotoformans 0 0 0 0] 0.04
Bacillus licheniformis 062 | 0.05 0 0 0 0
Bacillus sp 0| 003 0 0 0 0 | Diverse (136)
Bacteroides graminisolvens 0.04 0 0 0 0 0 | Ferm (95)
Bacteroides sp 0.04 | 005 0] 002 0] 0.04 ]| Ferm (104)
Beggiatoa sp 0 0| 061| 004 0.1 | 0.12 | SOB, white mats hydrocarbon seeps (116)
Blastomonas sp 0 0 0| 0.02 0 0
Bosea sp 0 0| 0.04]| 0.02 0 0
Caldilinea sp 0 0 0 0 0 | 0.04 | filamentous (72)
Calditerrivibrio nitroreducens 0 0 0 0 0| 0.04
Caminicella sp 0 0| 086 | 0.04 0.2 | 0.04 | Ferm thermophile spore-former (4)
Campylobacteraceae sp 0 0 0| 0.02 0 0
gjrodpl:::us Alysiosphaera 0 0 0 0 ol o004
::n:g:g?)t;:cterium sp 0 0 0 0 0| 0.04
g:ndldatus Protochlamydia 0 0.03 0 0 0 0
Cellulophaga sp 0 0.07 | 0.02 0 0
Chromatiaceae sp 0 0 0 0| 0.04
Clostridia sp 0 0 0 0| 0.04
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Clostridiales sp o] o016 018 002] 005 025
g;‘;scticg;':::ba"te’ 0 ol ol 002 0| 0.04

Clostridium difficile 0 0] 004 0 0] 004

Clostridium paradoxum 0 0 0 0 0] 004

Clostridium sp 0] 021] 011] 0.06 0| 0.16 | Ferm Diverse (101)
Coccinistipes vermicola 0| 008 0 0 0 0

Corynebacterium sp 0 0 0 0| 002 0 | heterotroph (82)
Croceitalea eckloniae 0.04 0 0 0 0 0

Cytophaga fermentans 0| 003 004| 0.04| 002]| 0.04 | sybsurface community @)
Cytophaga sp 62.3 | 1255 | 1.04 | 0.51 0.15 | 0.94 | BloDeg HC oilfield (113)
Dehalobacter sp 0| 005 0 0 0 0 | BioDeg dichlorobenzene deg (93)
Deinococcus navajonensis 0.35 0 0 0 0 0 | radiation resistant (26)
Deinococcus sp 5.01 0.37 0 0 0 0 | radiation resistant (26)
Desulfobacteraceae sp 012 | 0.08 0 0 0| 0.04 | SRBa SRB (8)
Desulfobacterium sp 0.04 0 0 0 0 0 | SRBa SRB BioDeg Benzene (117)
Desulfobotulus sp 645 | 055 0 0 0 0 | SRBa SRB (121)
Desulfobulbus sp 0.12 0.1 0| 0.02 0 0 | SRBa SRB (100)
Desulfocaldus sp 0.74 | 087 0 0] 002| 004 | SRBaSRB (88)
Desulfocapsa sp 0 0| 04| 004 0| 0.08 | SRBa SRB (88)
Desulfococcus oleovorans 0 0 0 0| 002 0 | SRBa SRB BioDeg HC alkane Gi:
Desulfohalobiaceae sp 0| 034 0] 002 0.02 0 | SRBa SRB (39)
Desulfohalobium retbaense 0 0| 566 | 236 | 058 | 3.02| SRBaSRB (125)
Desulfohalobium utahense 012 | 021] 004 0| 014 | 004 | SRBaSRB (62)
Desulfomicrobium sp 0 0 0| 012| 0.03| 0.04 | SRBa SRB (151)
Rﬁi::ms:;?\gosplra 0 016) 0 0 01 0| srpasre (122)
E;S:lc:fgoennac:\r/%?:r‘:lsbm 0 0] 011 0121 024 | 049 | gpp, grp (122)
Desulfonatronovibrio sp 0 0| 007| 006 | 002 0 | SRBa SRB (122)
aD:foL:Irf::rTéﬂgus Ry 04| 002 01 0| srpasre (85)
Desulfonauticus submarinus 0| 003 0 0 0 0 | SRBa SRB (5)
Desulfonospora sp 0 0 0| 002] 003 0

Desulfopila aestuarii 0 0 0] 002 0 0 | SRBa SRB (137)
Desulfosalina propionicus 0.04 0.1 0| 0.02 0 0 | SRBa SRB (69)
Desulfosalina sp 047 | 0.52 0 0| 009 0.08| SRBaSRB (1)
Desulfothermus naphthae 023 | 003| 004 004 | 0.03 0 | SRBa SRB (88)
Desulfothermus okinawensis 0| 045 0 0 0 0 | SRBa SRB (96)
323?#232.’23&"'""‘ 0] 005) 0 0 01 0| srpasre (29)
Desulfotomaculum sp 0| 003 0 0 0 0 | SRBa SRB (42)
E:ﬁ:ml\:gmlcums 0081 008} 0| 0} 003 0fgpp, grp (10)
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SRBa SRB Alkaliniphile municipal

Desulfovibrio alkalitolerans 0 0 0| 004 0.02 0 heating water (2)
Desulfovibrio bastinii 0 0 0 0| 002 0 | SRBa SRB (79)
Desulfovibrio capillatus 0 0 0| 01 0.7 | 0.2 | SRBa SRB (90)
dec[:ﬁf,?a'.i‘lvt:?ffans 01 003} 0] 002} 002] 004} gop opp (135)
Desulfovibrio gabonensis 0| 003]| 054]| 041 0.17 | 1.19 | SRBa SRB (139)
Desulfovibrio gracilis 0 0 0| 002] 002 0 | SRBa SRB (79)
Desulfovibrio indonesiensis 0 0 0] 002 0.02| 0.04 | SRBaSRB (115)
Desulfovibrio senezii 0 0| 011] 0.02 0 0 | SRBa SRB (141)
Desulfovibrio sp 0] 005 112 | 1.01 1.14 | 1.19 | SRBa SRB (8)
Desulfovibrio tunisiensis 0 0 0| 0.04 0 0 | SRBa SRB oilfield refinery (11)
Desulfovibrionales sp 0.04 | 0.03 0| 0.02 0 0 | SRBa SRB (88)
Desulfuromonadales sp 0 0 0| 0.02| 0.02]| 004 | SRBa SuRB Fe(lll)RB (76)
Desulfuromonas acetexigens 0 0 0| 0.02 0 0 | SRBa SuRB Fe(ll)RB (102)
Desulfuromonas palmitatis 0 0| 09| 025 0.1 | 0.57 | SRBa SuRB Fe(lll)RB (76)
Desulfuromonas sp 0 0| 0.04| 008 0 | 0.16 | SRBa SuRB Fe(lll)RB (76)
533%':?52?32“ 0 0 0 0 01 029 | spaa SURB Fe(lllRB (145)
Desulfuromonas thiophila 0 0 0 0| 0.02| 0.04 | SRBa SuRB Fe(lll)RB (36)
Desulfuromusa sp 0 0 0 0 0 | 0.04 | SRBa SuRB Fe(lll)RB (77)
Dethiobacter sp 0.04 0 0 0 0| 0.04 | SRBa TRB SuRB (124)
Devosia sp 0 0 0| 0.02 0 0 | heterotroph (113)
SR 0 0| 004| o0 ol o
Ectothiorhodospiraceae sp 012 | 0.16 0 0 0 0
Elizabethkingia miricola 0 0] 007 0 0 0
Endozoicomonas elysicola 0 0 0] 002 0 0
Enterococcus sp 0| 003 0 0 0 0 | APB (37)
Erythrobacter sp 0.04 0 0 0 0 0
Eubacterium sp 0 0 0 0 0 | 0.04 | Ferm acetate butyrate ethanol (114)
Eudoraea adriatica 0 0] 007 0 0 0
Eudoraea sp 0 0 0 0 0| 0.04
Exiguobacterium sp 0 0 0 0| 012 0
Fervidobacterium sp 0 0 0] 002 0 0
Flavobacterium sp 027 | 0.03 0 0 0 0 | BioDeg HC community member (14)
Flexibacter sp 0 0.05 0 0 0 0 a(::?ei?aHC ol degracing consortum (113)
Flexistipes sinusarabici 0.04 | 021] 018 01| 0.09 | 0.16 | Ferm, similar to Fe(lll)RB (74)
Fusibacter sp 0| 003 0 0| 0.04 | SRBa SuRB 3)
Fusobacterium sp 0 0 0] 002 0 | unkwn anaerobe pathogens 38GI:
Gemmatimonas sp 0 0 0 0| 0.04 | ynkwn (156)
Geobacter metallireducens 0 0 0.02 0 0 | Fe(llRB (76)
Geobacter sp 0 0| 432 | 115 | 017 | 1.72 | Fe(ll)RB (76)
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Geotoga petraea 0 0| 004] 006 0.2 0 | Ferm (56)
Geotoga subterranea 0| 003 0

Gracilibacillus halotolerans 0.54 | 037 0

chitivorans. - 04| 0| o o 0] o0

Halanaerobacter lacunarum 0.04 0.1 0 0 0 0 | Ferm (99)
Halanaerobiaceae sp 0| 037 832| 821 | 273 | 454 | Ferm (99)
Halanaerobiales sp 0.08 | 0.79 0 0 0 0 | Ferm (99)
Halanaerobium acetethylicum 0| 223| 1.08| 376 | 426 | 1.8 | Fermpromotes SRB a methanogens (99)
Halanaerobium congolense 0 ! e e Stﬁ;?daogsri Fem promotes (111)
Halanaerobium fermentans 0| 029] 004| 0.1 0.03 0 | Ferm promotes sulfidogens (71)
Halanaerobium lacurosei 0| 003]| 0.04]| 002 0 0 | Ferm promotes sulfidogens (20)
Halanaerobium praevalens 0| 008]| 007| 002 0 | 0.04 | Ferm promotes sulfidogens (61)
2:5?1:?;?;';& L i | Ak S Sl | AR Ferm promotes sulfidogens (68)
Halanaerobium salsuginis 0 0] 004 0.02 0 | Ferm promotes sulfidogens (99)
Halanaerobium sp 27| 375 | 634 | 455| 3.56 | Ferm promotes sulfidogens (61)
Halocella cellulolsilytica 0.16 0 0 0| 0.04 | Ferm (108)
Halocella sp 459 | 5168 | 112 | 0.14 0.67 | 0.65 | Ferm oilfield (108)
Halomonas alimentaria 0 0 0 0| 007 0 | BioDeg HC halophile haloalkaliphilic (155)
Halomonas sp 0.04 | 042 0] 002 0 | 0.25 | BjoDeg HC halophile haloalkaliphilic (27)
Halomonas ventosae 0 0 0 0 0 | 0.12 | BjoDeg HC halophile haloalkaliphilic | (27)
Halothermothrix orenii 0.04 | 021 0 0 0 | 0.04 | BioDeg starch thermophile (21)
Halothiobacillus halophilus 0| 003 0 0 0 0 | BioDeg starch thermophile

E;::g::?et;mllligs 0 013 0 0 01 0/ appsox 97)
Halothiobacillus sp 0| 003 0 0 0| 0.04 | APB SOX (97)
Idiomarina sp 0.04 0.03 0 0 0 0

Ignavibacterium album 012 | 005 0 0 0 0

Imtechium assamiensis 0 0] 007 0 0 0 | Biofilm Biodeg PCB (78)
Kaistia soli 0 0 0.18 0.02 0.02 0

Kordiimonas sp 0 0 0] 002 0 0

Kurthia gibsonii 0 0 0| 0.02 0 0 | unkwn (65)
Lactobacillus alvei 0] 003 0 0 0 0| APB

Lactobacillus crispatus 0.08 0 0 0 0 0 | APB (129)
Lactobacillus hamsteri 0.04 0 0 0 0 0 | APB (129)
Lactobacillus plantarum 0| 003 0 0 0] 004 | APB (112)
Lactobacillus sp 0 0 0| 0.02 0 0 | APB (129)
Lactococcus lactis 0| 003 0 0] 002 0| APB (129)
Lactococcus sp 0| 005| 0.04]| 002 0 0 | APB (129)
Leptotrichia sp 385 | 031| 004 004 0 0 | pathogen (33)
Leuconostoc lactis 0.04 0 0 0 0
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Levilinea sp 0 0 0] 002 0 0 | oilfield produced waters Alaska (104)
Lewinella nigricans 0 0 0 0| 0.04

Loktanella tamlensis 0] 005 0 0

Maribius sp 0| 003 0 0

Marinilabilia salmonicolor 0 0 0| 0.02 0 BioDeg Agar (138)
Marinobacter bacchus 0 0 0 0 0| 0.16 | BjoDeg HC (48)
Marinobacter excellens 0 0 0| 0.02 0 0 | BioDeg HC (45)
#félﬂﬂgfﬁiiﬁdasucus 0 0 0 0 01 004 giopeg He (41)
Marinobacter sp 0 0 0] 021 009 | 4.82 | BioDeg HC (154)
Marinobacterium georgiense 0 0 0 0 0| 0.04 | BioDeg HC (41)
Marinobacterium litorale 0 0 0] 006 0.1 | 0.12 | BioDeg HC (41)
Marinobacterium sp 0 0 0| 0.02 0.98 | BioDeg HC (41)
Marinobacterium stanieri 0 0 0 0 0.04 | BioDeg HC

Mariprofundus ferrooxydans 0 0] 1.08| 033 | 012 | 0.29 | Fe(I)OX MIC iron corroding (86)
Maritimibacter alkaliphilus 0] 005 0 0 0 0

Methylobacter sp 0 0 0 0 0] 0.04 | methylT (24)
Methylocaldum sp 0.04 0 0 0 0| 0.04 | methylT (24)
Methylocella sp 0 0 0] 002] 002 0 | methyIT (24)
Methylophaga sp 0| 003| 025| 0.04 0 0 | methyIT (24)
Microbulbifer sp 0.31 0.1 0 0| 0.02 0

Microcella sp 0.12 0.03 0 0 0 0

Natroniella sp 0| 003 0 0 0 0

Nevskia sp 0 0 0| 0.04 0.03 | 0.08

Nitrincola sp 0 0 0 0.02 0

0D1 uncultured 0.04 0 0 0 0 | uncultured anaerobe (32)
Paenibacillus abekawaensis 0 0] 004 0

Paenibacillus anaericanus 0 0 0] 004 002] 012

Paenibacillus campinasensis 0 0] 004 0 0 0

Paenibacillus graminis 0| 008 0 0 0 0

Paenibacillus sabinae 012 | 192| 209 | 066 | 0.29| 217 | BioDeg PAH (64)
Paenibacillus sp 008| 026| 029 | 016 | 005 | 0.25 | BjoDeg PAH (50)
Paludibacter sp 0.19 0 0 0 0 0 | Ferm (142)
Parvularcula sp 0 0] 004 0 0 0

Pelobacter acetylenicus 0 0 0| 01 0.07 0 | Fe(ll)RB (76)
Pelobacter carbinolicus 0 0 0 0 0] 0.12 ] Fe(llRB (76)
Pelobacter propionicus 0 0 0| 0.02 0| 0.08 | Fe(ll)RB (76)
Pelobacter seleniigenes 0 0| 0.04| 008 | 002 0.04] Fe(llRB (76)
Pelobacter sp 0 0|11.38 | 19.69 | 4.83 | 12.38 | Fe(lll)RB (76)
Pelobacter venetianus 0 0 0| 0.04 0| 0.12 | Fe(ll)RB (76)
Pelotomaculum sp 0 0] 004 0 0 0 | Ferm (58)
Peptostreptococcaceae sp 0| 021] 025| 0.1 0.2 | 1.14 | BioFilm MIC (13)
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Phormidium sp 0.04 0 0 0 0 | photoT oil tolorent (25)
Pigmentiphaga daeguensis 0 0 0] 0.04

Prolixibacter bellariivorans 0 0 0.02 | 0.12

vibriformis 0] 008 0] 0] 0] 0y

Prosthecomicrobium sp 0 0 0| 0.02 0 0

Proteiniphilum sp 0.19 0 0 0 0 0 | Ferm (22)
Proteus vulgaris 0 0 0| 0.02 0 0

Pseudomonas sp 7.93 15 079 | 045 | 017 | 0.57 | BioFilm MIC (109)
Pseudoruegeria sp 0| 008 0 0 0 0

Psychrobacter sp 0 0 0 0 0 | 0.04 | BloDeg HC oil cilfield (107)
Psychroflexus sp 0.08 0 0 0 0 0

Rhizobium sp 0 0| 0.04 0 0 0 | NiF (43)
Rhodobacter sp 0| 003 0 0 0 | 0.04 | photoT (81)
Rhodobacteraceae sp 0| 008 0 0 0

Rhodobacterales sp 0.04 0 0 0 0

Rickettsia sp 0.08 0 0 0 0

Roseobacter sp 0 0.05 0 0 0

Rubrimonas sp 0 0 0 0 0| 0.04

Ruminococcus sp 0 0| 0.04 0 0

Salinibacter sp 0.16 0.29 0 0 0

Sediminimonas giaohouensis 0.03 0 0 0

Sneathiella glossodoripedis 0| 029 | 008 | 005 004

Sphingobacteria sp 0 0] 0.02 0 0

Sphingobacterium sp 027 | 003| 032 008 | 0.07| 02| generalistaerobic (67)
Sphingomonadaceae sp 0 0| 018 | 0.06 0.03 | 0.04

Sphingomonas sp 0 d R 01 016 alsgjglg)henanthrene et (95)
ﬁﬁ.’j';ﬁﬁﬂ?ff:aensis 0] oosp om0 0027 008 sop, TRB SURB Ferm (38)
Spirochaeta sp 0.04 0] 029 0 0021 004 Ir:e?sriz‘tal:::;/ o1 some SREa TRETES (80)
Staphylococcus epidermidis 0| 003 0 0 0

Streptococcus mutans 0.04 013 | 0.8 0 0.04

gggli;o:r?;:!:m 0 0] 0002 01 0| \rsoB (36)
Sulfurospirillum sp 0 0 0| 002| 003 0 | NRSOB (57)
Sulfurovum lithotrophicum 0.04 0 0 0 0 | soB (59)
Synechococcus sp 0| 016 0 0 0 | photoT (47)
Syntrophaceticus schinkii 0 0.03 0 0 0 0 ;ygttr::ﬁgge?ﬁgﬁ]tﬁomdIZIng, ” (152)
Syntrophomonas sp 0 0 0| 0.02 0 0 | Syntroph BioDeg FA (87)
Syntrophus gentianae 0 0| 011 ] 002 | 0.2 | 0.04 | BioDeg syntroph alkane (117)
Syntrophus sp 0| 008 0 0 0 | 0.08 | BioDeg syntroph alkane (46)
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Telmatospirillum siberiense 0| 003 014 0.04 0] 004

colloytions 0] 08| o o 0] o0

Thermoanaerobacter sp 0.04 0 0| 0.02 0 | 0.04 | Ferm ethanol thermophile (35)
:gxzng?g:su"orhabdus 0 003) 0 0 01 0| srpa SRB thermophile 9)
Thermothrix thiopara 0| 003 0 0 0 0

Thermotogales sp 0 003 | 032 0.02 0.05| 0.16 (56)
Thermovirga sp 0 0 0| 004] 003| 0.25 | Biofilm Pipeline (128)
Thermus sp 0 003 0 0 0 0 Egl(yll”rrzsrzstesrg:ﬁsg e Tad (66)
szthr#.z::nasbdus 0231 0217 0| 0 01 0| NRSOB neutrophile halophile (123)
Thiomicrospira sp 0| 003 0 0 0 | 0.04 | SOB neutrophile (123)
Tindallia sp 0.04 | 0.05 0 0 0 Ferm alkaliphile (105)
Trichococcus sp 0.03 0 0 0 APB Ferm (127)
Vagococcus lutrae 0 0 0 0.02

Verrucomicrobiales sp 0 0 0 0] 004

Verrucomicrobium sp 0.04 | 0.03 0 0 0 0 | Ferm (144)
Zooshikella ganghwensis 0| 003 0 0 0

Anaerobic alkane-degrading bacterium Desulfococcus oleovorans Hxd3

oil/water mixture from an oil production plant. [GI:158508843]
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Appendix D. Genomic Details of 32 Completely Sequenced SRB.

Table 1. Complete genome entires of 32 Sulfate-Reducing Bacteria

Annotated
Genome integrases, Prophage
length, phage regions >
Genus species strain Refseq Mbp Proteins proteins 30 kb DsrA
Peptococcaceae
Desulfotomaculum reducens MI-1 NC_009253 3.6 3276 25, 34 2 YP_001114514.1
Desulfotomaculum acetoxidans DSM 771 NC_013216 4.5 4470 23,16 1 YP_003189665
Desulfitobacterium hafniense Y51 NC_007907 5.7 5137 0,0 none* YP_516542
Desulfitobacterium hafniense DCB-2 NC_011830 5.2 4883 6, 26 1 YP_002456756
Candidatus Desulforudis audaxviator MP104C NC_010424 2.3 2157 11, 10 none YP_001718320
Nitrospira
Thermodesulfovibrio yellowstonii DSM 11347 NC_011296 2.2 2033 1,1 none YP_002249783
Deltaproteobacteria
Desulfarculales
Desulfarculus baarsii DSM 2075 NC_014365 3.6 3277 15, 37 3 YP_003806924
Desulfobacterales
Desulfatibacillum alkenivorans AK-01 NC_011768 6.5 5252 11, 16 2 YP_002433449
Desulfobacterium autotrophicum HRM?2 NC_012108 5.6 4867 20, 14 none YP_002605460
Candidatus Desulfococcus oleovorans Hxd3 NC_009943 3.9 3265 8,1 none YP_001530549
Desulfotalea psychrophila LSv54 NC_006138 3.5 3116 6,6 2 YP_064533
Desulfovibrionales
Desulfohalobium retbaense DSM 5692 NC_013223 2.9 2479 6,4 none YP_003197124
Desulfonatronospira thiodismutans ASO3-1 NZ_ACJN00000000 4.1 3663 43,5 none ZP_07017788
Desulfomicrobium baculatum DSM 4028 NC_013173 3.9 3436 14,6 none YP_003156822
Desulfovibrio vulgaris subsp. vulgaris DP4 NC_008751 3.4 2941 9, 48 4 YP_967975
Desulfovibrio vulgaris str. 'Miyazaki F' NC_011769 4 3180 2,34 3 YP_002435969
Desulfovibrio desulfuricans subsp. desulfuricans str. ATC NC_011883 2.9 2356 14,14 1 YP_002480868
Desulfovibrio magneticus RS-1 NC_012796 5.2 4625 2,3 none YP_002951737
Desulfovibrio salexigens DSM 2638 NC_012881 4.2 3807 9,1 1 YP_002990392
Desulfurivibrio alkaliphilus AHT2 NC_014216 2.8 3185 14,5 none YP_003689626
Desulfovibrio piger ATCC 29098 NZ_ABXU00000000 2.8 3114 0,0 none* BAB55561.1
Desulfovibrio vulgaris RCH1 NZ_ACQX00000000 3.7 3311 14, 44 2 ZP_04792716
Desulfovibrio aespoeensis Aspo-2 NZ_ADDI00000000 3.6 3294 13, 26 3 ZP_06233091
Desulfovibrio sp. FW1012B NZ_ADFE00000000 4.1 3737 12,27 2 ZP_06370881
Desulfovibrio fructosovorans JJ NZ_AECZ00000000 4.7 4159 20, 21 3 ZP_07335109
Desulfovibrio desulfuricans subsp. desulfuricans str. G2( NC_007519 3.7 3780 3,32 3 YP_387022
Desulfovibrio vulgaris str. Hildenborough NC_002937 3.6 3380 11, 26 7 YP_009626
Desulfovibrio sp. 3_1_syn3 NZ_ADDRO00000000 3.6 3244 21,37 1 ZP_07356420
Syntrophobacterales
Syntrophobacter fumaroxidans MPOB NC_008554 4.9 4064 11, 29 2 YP_848143

Completely sequenced sulfate reducing bacteria present in the NCBI public database.
Information in each column:

1. Entries, grouped by taxonomic proximity.

2. Refseq identifiers are given.

3. The genome size, in million base pairs (Mbp)

4. Total number of annotated protein coding genes,

5. The number of proteins annotated as integrases, and phage related. None* indicates that the
protein entries were incomplete

6. The number of prophage elements identified

7. Corresponding DsrA protein accession numbers.
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Appendix E. Comparison of the phylogenetic analysis of A
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Comparison of the phylogenetic analysis of A. 16s rRNA gene sequences and B. DsrA protein
sequences from 24 sulfate reducing prokaryotes for which whole genome sequences are
available. A neighbor-joining tree was generated using ClustalX with a bootstrap value of 1000.
Shaded boxes correspond to members of the Peptococcaceae. Genus, species abbreviations
are as follows: Desulfotomaculum_reducens MI-1 (Dred_MI-1), Desulfotomaculum acetoxidans
DSM 771(Dace_DSM_771), Desulfitobacterium hafniense Y51 (Dhaf_Y51), Desulfitobacterium
hafniense DCB-2 (Dhaf_DCB-2), Candidatus Desulforudis audaxviator MP104C

(C_D_aud _MP104C), Thermodesulfovibrio yellowstonii DSM 11347 (Tyel DSM_11347),
Desulfarculus baarsii DSM 2075 (Dbaa_DSM_2075), Desulfatibacillum alkenivorans AK-01
(Dbalk_AK-01), Desulfobacterium autotrophicum HRM2 (Daut_ HRM2), Candidatus
Desulfococcus oleovorans Hxd3 (C_Dole _Hxd3), Desulfotalea psychrophila LSv54

(Dpsy _LSv54), Desulfohalobium retbaense DSM 5692 (Dret DSM_5692), Desulfonatronospira
thiodismutans ASO3-1 (Dthi_AS03-1), Desulfomicrobium baculatum DSM 4028

(Dbac_DSM _4028), Desulfovibrio vulgaris subsp. vulgaris DP4 (Dvul_DP4), Desulfovibrio
vulgaris str. 'Miyazaki F' (Dvul_Miyazaki_F), Desulfovibrio desulfuricans subsp. desulfuricans str.
ATCC 27774 (Ddes_ATCC_27774), Desulfovibrio magneticus RS-1 (Dmag_RS-1), Desulfovibrio
salexigens DSM 2638 (Dsal_DSM_2638), Desulfurivibrio alkaliphilus AHT2 (Dvalk_AHT2),
Desulfovibrio piger ATCC 29098 (Dpig ATCC_29098), Desulfovibrio vulgaris RCH1
(Dvul_RCH1), Desulfovibrio aespoeensis Aspo-2 (Daes_Aspo-2), Desulfovibrio sp. FW1012B
(Dsp_FW1012B), Desulfovibrio fructosovorans JJ (Dfru_JJ), Desulfovibrio desulfuricans subsp.
desulfuricans str. G20 (Ddes_G20), Desulfovibrio vulgaris str. Hildenborough
(Dvul_Hildenborough), Desulfovibrio sp. 3 _1_syn3 (Dsp_3 1 _syn3), Syntrophobacter
fumaroxidans MPOB (Sfum_MPOB), Archaeoglobus fulgidus DSM 4304 (Aful DSM_4304),
Archaeoglobus profundus DSM 5631 (Apro_DSM_5631)
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Appendix F. Prophage Elements Identified in 32 SRB Genomes

Lysogen Nucleotide range Locus tag range Morphe
D. reducens MI-1 1) 1258679 to 1305344 integrase (Dred_1182) to cell wall hydrolase (Dred_1228). Myo
D. reducens MI-1 2) 2814935 to 2849119  lysozyme (Dred_2589) to integrase (Dred_2625) Sipho
D. acetoxidans DSM 771 1) 4384776 to 4424989 XRE tx reg (Dtox_4206) to reverse transcriptase (Dtox_4258) Myo
note: maybe more but disrupted by integrases, XRE transcription factors, insertion sequences .

D. hafniense DCB-2 1) 1514420 to 1561628 XRE/ Cro (Dhaf_1407) to glycosyltransferase moron (Dhaf_1469) Sipho
D. baarsii DSM 2075 1) 1745473 to 1783984) peptidgoglycan binding prt (Deba_1569) to phage repressor (Deba_1611). Myo
D. baarsii DSM 2075 2) 2000510 to 2053639  PAAr repeat protein (Deba_1789) to phage protein (Deba_1843) Myo
D. baarsii DSM 2075 3) 2838573 to 2902396  head prt (Deba_2544) to phage prt (Deba_2610) phage remnents, addiction modules ukn
D. alkenivorans AK-01 1) 4488357 to 4524522 hyp prt (Dalk_3540) to repressor (Dalk_3582) ukn
D. alkenivorans AK-01 2) 5668762 to 5725292  SP6gp43 (Dalk_4541) to DNA methylase (Dalk_4614) ukn
D. oleovorans Hxd4 1) 3493451 to 3547434 integrase (Dole2906) to integrase (Dole_2954), no identified virion genes. ukn
D. psychrophila LSv54 1) 1746547 to 1787685 T5o0rf172 dmn prt (DP1566) to integrase (DP1604) Sipho
D. psychrophila LSv54 2) 2262798 to 2321973 Large phage protein (DP1991) to integrase (DP2040) ukn
D. vulgaris sb. vulgaris DP4 1) 1049047 to 1083146 integrase (Dvul_0852) to integrase (Dvul_0877), maybe truncated Podo
D. vulgaris sb. vulgaris DP4  2) 1272991 to 1315732 integrase (Dvul_1037) to conserved phage tail assemply prt (Dvul_1082) Sipho
D. vulgaris sb. vulgaris DP4  3) 1745393 to 1781803  txn reg (Dvul_1443) to integrase (Dvul_1487) P2-like Myo
D. vulgaris sb. vulgaris DP4  4) 3198595 to 3232809 methylase (Dvul_2741) to integrase (Dvul_2782) P2-like Myo
D. vulgaris str. ‘Miyazaki F' 1) 865833 to 901608 phage rep (DvMG_0710) to glycosyl transferase (DvMF_0756) Mu-like. Myo
D. vulgaris str. ‘Miyazaki F’' 2) 1558929 to 1597453  Phage repressor (DVMF_1261) to DNA methylase (DvMF_1308) Mu-like Myo
D. vulgaris str. ‘Miyazaki F’' 3) 2016313 to 2055510  Phge prt (DvMF1634) to integrase (DvMF1687) Sipho
D. desulfuricans ATCC 27774 1) 277508 to 306161 integrase (Ddes_0222) to Gp5 dmn prt (Ddes_0263) P2 like Myo
D. salexigens DSM 2638 1) 2324343 to 2361506 Late control D prt (Desal_2111) to integrase (Desal_2156) P2 like Myo
D. vulgaris RCH1 1) 544429 to 578809 tail fiber (DevalDRAFT_0507) to phage repressor (DevalDRAFT_0552) Myo
D. vulgaris RCH1 2) 1192658 to 1225822  integrase (DevalDRAFT_1100) to tail fiber (DevalDRAFT_1141) Sipho
D. vulgaris RCH1 *3) 3451485 to 3468963 baseplate J (DevalDRAFT_3071) to TerL (DevalDRAFT_3097) Tail genes only Myo
D. vulgaris RCH1 *4) 3501484 to 3527858 Mor (DevalDRAFT_3125) to MugpT (DevalDRAFT_3149) Lysis/ head genes only. ukn
D. aespoeensis Aspo-2 1) 427760 to 489469 phage prt (DaesDRAFT_0381) to glycosyl hydrolase (DaesDRAFT_0448) Myo
D. aespoeensis Aspo-2 2) 632255 to 666932 integrase (DaesDRAFT_0561) to Gp5 domain protein (DaesDRAFT__0618) Myo
D. aespoeensis Aspo-2 3) 2787013 to 2820438 tail protein (DaesDRAFT_2565) to Mor (DaesDRAFT_2616) Mu-like Myo
Desulfovibrio sp. FW1012B 1) 1543396 to 1573274 TMP (DFW101DRAFT_1368) to phage repressor (DFW101DRAFT_1398) Mu-like Myo
Desulfovibrio sp. FW1012B 2) 2721197 to 2781228  phageprt (DFW101DRAFT_2373) to integrase (DFW101DRAFT_2464) ukn
D. fructosovorans JJ 1) 33508 to 75894 integrase (DesfrDRAFT_0031) to P4 primase (DesfrDRAFT_0080) Sipho
D. fructosovorans JJ 2) 138295 to 187786 primase (DesfrDRAFT_0127) to integrase (DesfrDRAT_0190) Sipho
D. fructosovorans JJ 3) 1358186 to 1388840 repressor (DesfrDRAFT_1175) to hypothetical protein (DesfrDRAFT_1219) Mu-like Myo
D. desulfuricans str. G20 1) 939853 to 980902 integrase (Dde_0912) to tail fiber (Dde_0954) ukn
D. desulfuricans str. G20 2) 1918124 to 1987712 tail fiber (Dde_1868) to phage related protein (Dde_1936) Myo
D. desulfuricans str. G20 3) 3321832 to 3359581  hyp nov (Dde_3338) to tail fiber (Dde_3393) Mu-like, IS insertions. Myo
D. vulgaris str. Hildenborough 1) 233752 to 270425 P4 primase (DVU0236) to integrase (DVU0189) Myo
D. vulgaris str. Hildenborough 2) 1561263 to 1595902  tfa (DVU1483) to integrase (DVU1527) Sipho
D. vulgaris str. Hildenborough 3) 1771104 to 1822728  tfa (DVU1695) to integrase (DVU1757) Podo
D. vulgaris str. Hildenborough 4) 2252215 to 2293693 tail fiber (DVU2153) to integrase (DVU2197). Sipho
D. vulgaris str. Hildenborough 5) 2936472 to 2977150  integrase (DU2828) to primase (DVU2881) Myo
D. vulgaris str. Hildenborough 6) 1205411 to 1240251  tfa (DVU1099) to Cro/Ci (DVU1144) Mu-like Myo
D. vulgaris str. Hildenborough 7) 2801478 to 2833113  TnpA (DVU2688) to tfa (DVU2731) Mu-like. Myo
Desulfovibrio sp. 3_1_syn3 1) 1748161 to 1780719 integrase (HMPREF0326_01510) to P4 primase (_015445) ukn
S. fumaroxidans MPOB 1) 2282818 to 2320999 phage repressor (Sfum_1866) to transposase (Sfum_1901) Myo
S. fumaroxidans MPOB 2) 4644739 to 4685731  integrase (Sfum_3796) to tail fiber (Sfum_3838) Myo

SRB genomes that lack identifiable P2, lambda, or Mu related prophage elements: Desulfitobacterium hafniense Y51, Candidatus Desulforudis audaxviator
MP104C, Thermodesulfovibrio yellowstonii DSM 11347, Desulfohalobium retbaense DSM 5692; Desulfonatronospira thiodismutans ASO3-1;
Desulfomicrobium baculatum DSM 4028; Desulfovibrio magneticus RS-1; Desulfurivibrio alkaliphilus AHT2; Desulfovibrio piger ATCC 29098;
Desulfuromonas acetoxidans DSM 684

Prophage identified in the completely sequence genomes of sulfate reducing bacteria.

Nucleotide range corresponds to base pairs of putative prophage, based on the corresponding
genome entry listed in Table 1. Locus tag range denotes the predicted gene products from the
leftmost and rightmost genes of the prophage element that exhibit similarity to a known phage
associated gene product. Morphology abbreviations are contractile-tailed myophage (Myo),
flexible-tailed siphophage (sipho), and short-tailed podophage (podo). Elements for which
morphological prediction could not be made are listed as unknown (ukn).
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Appendix G. Partial List of Presentations

Replacing Chemical Biocides with Targeted Bacteriophage. June 23, 2010. RPSEA Technical
Conference. Houston, TX.

Replacing Chemical Biocides with Bacteriophage. June 26, 2011. RPSEA Conference.
Houston, TX.

Replacing Chemical Biocides with Bacteriophage. June 31,2011. RPSEA Environmental
Health & Safety. Houston, TX.

Ecolyse SRB Phage Report. November 21, 2011. RPSEA Ultra Deep Water Conference. The
Woodlands, TX.
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