100« FINE FOCUS, VOL. 3 (2) HALOPHILIC BACTERIA - 101

SOLATION OF
HALOPHILIC BACTERIA
-ROM INLAND
PETROLEUM-
PRODUCING

WELLS

MAEDGEN Q. LINDSEY & JENNIFER R. HUDDLESTON*

MANUSCRIPT RECEIVED 28 MARCH 2017;
ACCEPTED 20 MAY 2017

Copyright 2017, Fine Focus. All rights reserved.



102 - FINE FOCUS, VOL. 3 (2)

CORRESPONDING
AUTHOR

Jennifer R. Huddleston

KEYWORDS

e [diomarina

e Marinobacter
* Halophile

e Saltwater

e Petroleum

ABSTRACT

The goals of this study were to isolate microorganisms
from oil well-produced water, identify the
microorganisms, and test the microorganisms’ salt
tolerance. Saltwater collected from two well locations
producing from different zones in Jones County, Texas,
was spread onto Mannitol Salt Agar (MSA). Isolates
showed a 16S rDNA gene sequence identity of 99%
with Idiomarina baltica and Marinobacter persicus.
Salt tolerance assays indicated an optimal growth
concentration of 10-12.5% NaCl for the Idiomarina
isolate and a decrease in growth beyond 5% NaCl for
the Marinobacter isolate. In conclusion, organisms that
are phylogenetically similar to marine microorganisms
are present in oil well environments, and have variable
salt tolerances, which may prove useful in microbial-
mediated hydrocarbon bioremediation of high salinity
environments.

oooooooooooooooooooooooooooooooooooooooooo

INTRODUCTION

As of 2015, there were an estimated 1.7 million oil
and gas wells currently active in the United States (18).
Saltwater is produced as a byproduct of drilling as it
is released from the geological formation along with
oil and gas. The saltwater was originally sequestered as
the respective formations were being laid down at the
bottom of shallow oceans in past geological eras (11). In
this study, saltwater samples were obtained from the
Flippen Limestone and the King Sand formations. The
Flippen Limestone is located at a depth of 1850 feet at
the drilling location, and is localized to Fisher and Jones
County, Texas. The limestone deposition process started
in the late Pennsylvanian and continued through the
Permian geological time periods (16), approximately
500 million years ago. Sequestered saltwater was
released from the limestone upon hydraulic fracturing,
a process in which highly pressurized water is used to
open fissures within the formation (12). The King Sand
was the second formation sampled in this study, and is

a Pennsylvanian era channel-sand deposition
located in Central Northern Texas (5), and thus
slightly older and deeper than the Flippen
Limestone, measuring at a depth of 2000 feet
at the oil well location. Saltwater produced at
these sites is pumped to the surface with oil
and gas, where the components are separated
and eventually utilized or discarded.

A consequence of the prevalence of oil
drilling is hydrocarbon contamination of
soils and groundwater. Microbial-mediated
bioremediation of hydrocarbon contaminated
environments is an effective treatment,
however the efficacy is limited by the
conditions necessary for the microorganisms
to optimally biodegrade hydrocarbons (9).
Salinity of the environment, either indigenous
or elevated by the contamination event, is
an inhibitory condition for microorganisms
responsible for the bioremediation (25).
Studies of optimum salinities for halophilic,
hydrocarbon degrading microorganisms could
lead to targeted bioremediation efforts.

Halophilic microorganisms are a type of
extremophile which require a high salt content
in order to survive. The extent of halotolerance
is categorized by the percent salt concentration
within the environment required for optimum
growth. Slight halophiles exhibit optimum
growth at 1-5% NaCl, moderate halophiles at
5-20% NaCl, and extreme halophiles from
20-30% NaCl (10). Halotolerant organisms
are resistant to the deleterious effects a high
salt content environment poses, but do not
require a high salt content for survival. An
environment high in salt is inhibitory for
most microorganisms, as water from inside a
cell will diffuse through the semipermeable
cell membrane into the environment via
osmosis and ultimately result in plasmolysis
(3). Halotolerant microorganisms utilize
haloadaptation to overcome this challenge,
excluding salt from the cytoplasm where
possible and biosynthesizing or accumulating
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organic osmotic solutes to remain isotonic
relative to the environment (24).

Due to the range of salinities, temperatures,
and possible carbon sources, oil fields and
their related infrastructure pose a potential
treasure trove of microbial diversity.
Previously identified microorganisms isolated
from oil well associated environments
include Marinobacter aquaeolei, which was
described after being isolated from the head
of an offshore oil rig off the coast of Vung
Tau, Vietnam, but which also occurs in the
water column of the same area (17). From the
same oil field, Desulfovibri viethamensis was
isolated from oil storage tanks, as well as oil
well produced saltwater (8). Members of the
genus Desulfovibri have been implicated in the
corrosion of oil infrastructure via reduction
of iron (13). The genus Petrotoga, named for its
outer toga-like sheath, is associated exclusively
with oil production, having been found in
offshore wells and inland oil reservoirs (23).
The diversity of microorganisms in these salt
rich, petroleum associated environments led
us to look for variable halophilicity in microbe
populations by sampling saltwater produced
from different geological formations. In this
work, we isolated two microorganisms from
saltwater produced as a byproduct of oil
drilling, belonging to the genera Idiomarina
and Marinobacter, and characterized their
respective salt tolerances.
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METHODS

SAMPLING

Permission to sample, access to well sites,
and instructions on equipment use were
provided by the lease holder, JQL ENERGY,
LLC. Saltwater, produced as a byproduct of
oil drilling, was collected aseptically from
two oil well locations in Jones county, Texas.
Locations, shown in Figure 1 were chosen due
to contrasting geological characteristics, as the
first oil well pumps from a solid limestone
formation, while the second pumps from a
course-grain sand formation. The Flippen
Limestone sample was obtained from a
fiberglass saltwater storage tank, while the
King Sand sample was obtained from a water
knockout, a horizontal tank which separates
oil from saltwater based on varying density.
Four samples, two from each well site, were
collected using 118 mL sterile glass jars and
stored overnight at 4°C. The King Sand
samples were collected via release valve located
on the bottom of the water knockout tank.
The Flippen Limstone samples were collected
via an access port on top of the saltwater
tank, directly from the separated saltwater
stored within. Initial sampling took place in
November, 2015. The Idiomarina isolate has
since been re-isolated, indicating that our
method can be replicated.

GROWTH CONDITIONS
Samples of 1.0 ml were plated directly
onto Mannitol Salt Agar (MSA) (Hardy
Diagnostics, Santa Maria, CA), selected for its
7.5% salt content, and incubated overnight at
57°C. MSA is typically utilized as a selective
and differential medium for detection of
pathogenic Staphylococci, however it is also
suitable for halophilic marine organisms (20).
An incubation temperature of 37°C was
selected by applying a formula designed
to calculate the temperature of a geological

Muehlstein lease, location of Idiomarina isolate

[ Swenson lease, location of Marinobacter isolate

formation: Formation Temperature = Surface
Temperature + (Temperature Gradient *
Vertical Well Depth) (19). The average regional
high temperature of Jones County, Texas in
November, 2015 was 66 °F, roughly 19°C (6),
which when plugged into the formula with the
depth of the King Sand well (2000 feet), and
a temperature gradient of 0.015 °F/ft,, yields

a formation temperature of ~56°C. Individual
colonies were selected haphazardly and
subsequently sub-cultured on MSA.

IDENTIFICATION

To identify the microorganisms, the 16S
rDNA genes were amplified and sequenced.
DNA was extracted using a Zymo DNA
extraction kit (Zymo Research Corporation,
Irvine, CA) according to the manufacturer’s in-
structions. Recombinant Vent DNA polymerase
(New England BioLabs Inc., Ipswich, MA) was
used in PCR to amplify a portion of the 16S
rDNA gene. PCR was executed utilizing the
primers 5'-AGAGTTTGATCCTGGCTCAG-¥
(F-27m) and 5-TACCTTGTTACGACTT-%'
(R™-1492) (Positions 11—27 and 1489—1506, re-
spectively, according to the Escherichia coli 16S
rRNA numbering system of the International
Union of Biochemistry) (14). Primers were
designed to our specifications and synthesized
by Invitrogen. The thermocycling conditions
for amplification were as follows: initial dena-
turation: 95 C for 5 minutes, 30 cycles of 95°C
for 30 seconds, 55 C for 30 seconds, 72°C for
I minute 30 seconds followed by a final ex-
tension at 72°C for 10 minutes. The products
were then confirmed using gel electrophoresis
of a 0.8% agarose (Invitrogen; Carlsbad, CA)
gel containing ethidium bromide under a 70 to
90 voltage for 30 to 45 minutes. The resulting
amplicons of 1.5 kb were further purified using
DNA Clean & Concentrator (Zymo Research
Corporation, Irvine, CA) and 16S rDNA se-
quencing was outsourced to DNA Analysis Fa-
cility on Science Hill at Yale University (New
Haven, CT). The identification of phylogenetic
neighbors and the calculations of pairwise
16S rDNA gene sequence similarities were
achieved using NCBI BLASTn Analysis (1).
Sequence alignment and creation of phylogeny
were performed using Molecular Evolution
Genetics Analysis 7.

ASSAY

Salt tolerance assays (Figure 2.) were carried
out in Tryptic Soy Broth (TSB) (Becton,
Dickinson and Company, Sparks, MD); the
Idiomarina isolate was tested in 0.5-25% NaCl
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while the Marinobacter isolate was tested in
0.5-12.5% NaCl. Culture tubes containing 2
ml of TSB with concentrations of NaCl from
0.5-25.0% were inoculated with 30 pl of an
overnight culture and incubated at 37°C for
48 hours with aeration by a shaker at 200
rpm. The optical density at 600 nm (OD600)
of four replicates at each NaCl concentration
were measured using a Hewlett Packard 8455
UV-Visible Spectrophotometer. Cultures were
diluted 2-fold with sterile water to obtain
accurate ODO00 readings as necessary.

STATISTICAL ANALY SIS

The error bars in Figure 2 indicate standard
deviation of measured OD600 between four
replicates. Statistical analysis of the OD600 for
both data sets was calculated using Microsoft
Excel’s Data Analysis add-in. An alpha of
0.05 was used as the cutoff for statistical
significance. The Idiomarina isolate data set has
a p-value of 043238 and is therefore beyond
the cutoff for statistical significance, while the
Marinobacter isolate data set has a p-value of
0.00017 and is therefore statistically significant.

RESULTS

Two Gram-negative, mesophilic, rodshaped
isolates were obtained from saltwater samples
originating in different geological formations
utilized in oil and gas drilling. The isolate
from the Flippen Limestone showed sequence
similarity to the genus Idiomarina, while the
isolate from the King Sand showed sequence
similarity to the genus Marinobacter. Figures
4 and 4 illustrate phylogenetic relationships
between the isolates and closely related species,
chosen based on similar figures in the novel
species reports of the isolates’ closest 16S rDNA
identities, [diomarina baltica and Marinobacter
persicus, respectively.

The Idiomarina isolate showed a 99.7%
16S rDNA sequence identity with Idiomarina
baltica, originally isolated from the central
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Baltic Sea. Morphologically, the isolate
produced raised, circular, opaque, mucoid
colonies, with white pigmentation that takes
on a purple tint as it continues to grow on

the MSA. The rod shaped, Gram negative
cells were motile by a single polar flagellum.
Results from the salt tolerance assay indicate
an optimum NaCl concentration between 10-
12.5% (Figure 2.), making the isolate a moderate
halophile.

The Marinobacter isolate showed a 99.1%
identity with Marinobacter persicus, originally
isolated from Lake Aran-Bigdol, a hypersaline
lake located in Iran. The isolate grew on MSA
overnight incubated at 5/°C and produced
colonies morphologically characterized
as small, convex, circular, mucoid, with
a translucent leading edge, and white

pigmentation that takes on a purple tint as it
continues to grow on MSA. The rod shaped,
Gram negative cells were motile by a single
polar flagellum. Results from the salt tolerance
assay indicated a sharp decrease in growth
beyond 5% NaCl (Figure 2.), and the ability

to grow in TSB without supplemental salt,
making the isolate moderately halotolerant.

DISCUSSION

The identification of the isolates as being
moderately halophilic and moderately
halotolerant was expected, given the salt-rich
environment. However, the close phytological
association of the isolates with classically
marine bacteria genera was unexpected, as the
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oil wells sampled are hundreds of miles inland
and draw from reservoirs thousands of feet
deep. Given the origin of the saltwater present
in these formations, perhaps it should not be
unexpected, as a likely explanation is that the
seawater was sequestered from ancient seas

as the strata of the geological formations were
being deposited approximately 500 million
years ago. Other less likely possibilities are that
the oil wells could have become contaminated
from fluid or equipment used to drill the

well initially. Drilling rigs and associated
equipment move from site to site, increasing
chance of cross-contamination. Hydraulic
fracturing, which used municipal water from
Albany, Texas in both well sites, could have
potentially introduced contaminants deep into
the formations, and may change the indigenous
chloride concentration, as the water is treated
with 2% potassium chloride before use.

A contemporary study of two Appalachian
Basin shales also found Idiomarina and

diomanna loihiensis L2-TR(T) (AF288370)

Marinobacter members in low abundance
during their 328 day metagenomics and
metabolic analysis study. Findings from the
study include niche differentiation among
closely related strains, and interconnected
metabolisms of microorganisms persisting in
hydraulically fractured shales. A mechanism
for aerobic oxidation of alkanes and respiration
of sugars via nitrate and oxygen electron
acceptors is proposed to be utilized by
members of the genus Marinobacter present in
the studied environment (7).

The salt tolerance assay shown in Figure 2.
utilized varying optical densities with NaCl
concentration as an indicator of microbial
growth. As the bacteria have their growth
inhibited with changing salt concentration,
the optical density decreased as there were
less cells present to scatter light from the
spectrophotometer. This allowed us to chart the
isolates’ growth from NaCl concentrations of
0.5% w/v, which is TSB with no supplemental
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Marinobacter sp. RS-36 (KU159239 1)

&7 Marinobacter sp. RS-29 (KU159224 1)

salt, to a supplemental NaCl concentration

of 25% w/v. The results of the experiment
indicate decreased growth beyond 5% NaCl
for the Marinobacter isolate, but the ability to
grow with only 0.5% NaCl, indicating that it
was moderately halotolerant. The Idiomarina
isolate could not grow at 0.5% NaCl, and could
grow optimally at 10-12.5% NaCl, indicating
that it was moderately halophilic.

An optimum salt concentration of
5-6% was initially reported for Idiomarina
baltica, compared to the [diomarina isolate’s
10-12.5% reported here, classifying this
strain as moderately halophilic (Figure 9).
Morphologically, the two are similar with
Idiomarina baltica producing colonies
characterized as circular, smooth, opaque, and
with a slight yellow pigmentation on marine
agar. The most similar sequence reported for
Idiomarina baltica type strain was a 95-96%
affiliation with Idiomarina zobelli, while our
Idiomarina isolate showed a closer association
with 98% identity to the same species (4).
Our Idiomarina isolate also showed a 99.2%
identity to Idiomarina Fontislapidosi, which
is reported to grow optimally at 3-5% salt

Marinobacter Isclate

Marnnobacter persicus MI8 (NR 109110.1)
I!."Iannobacter vinfirmus R2A11 (LTET 3858 1)
100|
Mannobacter hydrocarbonoclsbous P721 (GU3T0116.2)
Mannobacter salanus RISW1 (KJ547705.1)

Marinobacter koreensis KGB22 (DQO9T526 1)

100
00

Mannobacier algicola DG393 (AY258110)

concentration, and is remarkable for being the
first member of the genus Idiomarina isolated
from hypersaline soil rather than water (22).
The isolate clusters closely with Idiomarina
Fontislapidosi and strains OS145 and OS146 of
Idiomarina baltica (Figure 3.), but has a much
higher optimum salt concentration.

An optimum salt concentration of 7.5-10%
was previously reported for Marinobacter
persicus, making it moderately halophilic,
while our Marinobacter isolate has decreased
growth beyond 5% supplemental salt. The two
are morphologically different as well, with
Marinobacter persicus producing colonies
characterized as raised, punctiform, contoured,
and with a yellow-orange pigmentation
when grown on HM agar. At the time of
Marinobacter persicus's novel species report,
M. hydrocarbonoclasticus was the closest
relative with an identity of 97.7%, while our
Marinobacter isolate shows a 98.2% identity
with the same species (2). The isolate also
clusters closely with Marinobacter sp. RS-29,
and Marinobacter RS-36 (Figure 4.), isolated
from Yuncheng Salt Lake in China (21). Given
the sharp decrease in the Marinobacter isolate’s

growth beyond 5% NaCl, it seems likely that
the Yuncheng Salt Lake isolates have a higher
salt tolerance due to the lake’s inherent salt

richness (27).

Hydrocarbon degradation abilities
notwithstanding, results from the salt tolerance
assays (Figure 2.) suggest that the isolates would
be suitable for a range of bioremediation efforts
that might otherwise be inhibited by a high
environmental salt content. The Idiomarina
isolate could prove useful in scenarios where
separation of oil and saltwater does not occur
before the contamination event, such as well
site contamination due to leaking lines or
storage tank failure, which ultimately results
in the contaminated area being saltier than
a typical oil spill. The Marinobacter isolate
grows well at a concentration of 3.5% salt,
ocean level salinity, and would be well suited
to cleaning up hydrocarbon contamination
on beaches and marine environments.
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In conclusion, halophilic and halotolerant
microorganisms phylogenetically associated
with microorganisms present in saline and
hypersaline bodies of water, such as the ocean
and salt lakes, can be found in the saltwater
produced as a byproduct of drilling for oil
and gas. By sampling different geological
formations, we were able to successfully
isolate and characterize microorganisms with
differing levels of halotolerance. Results
indicate the Idiomarina isolate was moderately
halophilic with an optimal NaCl concentration
of 10-12.5%, while the Marinobacter isolate,
was moderately halotolerant with decreased
growth beyond 5% NaCl. Future studies

will investigate hydrocarbon degradation by
the new isolates, as the related Idiomarina
xiamenensis is known to act in a hydrocarbon
degrading consortium with other marine
bacteria (26), and the genus Marinobacter

has multiple members reported as capable of
utilizing hydrocarbons (15).

ACKNOWLEDGMENTS

We would like to thank Abilene Christian University's Office of Undergraduate Research
for funding this research, Abilene Christian University’s Department of Chemistry and
Biochemistry for use of its spectrophotometer, and JQL ENERGY, LLC for permission to
sample and instruction on equipment use. This research was done in compliance with federal
regulations and institutional policies relating to recombinant DNA and infectious agents.

REFERENCES

1. Altschul SF, Gish W, Mille W, Myers EW and Lipman,
D.J. 1990. Basic local alignment search tool. ]. Mol. Biol.
N5:405—410.

9. Bagheri, M., Amoozegar, M.A., Didari, M., Makhdoumi-
Kakhki, A, Schumann P, Spréer C, Sénchez-Porro
C, Ventosa A. 2015. Marinobacter persicus sp. nov,, a
moderately halophilic bacterium from a saline lake in Iran.
A. Van Leeuw. |. Microb 104:47—54.

. Berestecky, ]. Hypertonic and Hypotonic Environments.
University of Hawaii: Kapiolani Community College.

4. Brettar [, Christen R, Hofle MG. 2005. Idiomarina badltica
sp. Nov,, a marine bacterium with a high optimum growth
temperature isolated from surface water of the central
Baltic Sea. Int. J. Syst. Evol. Microbiol 53:407—A415.

5. Brown Jr. LE Cleaves II AW, Erxleben AW. 1973.
Pennsylvanian Depositional Systems in North Central
Texas: A Guide for Interpreting Terrigenous Clastic Facies
in a Cratonic Basin. Guidebook Number 14. Bureau of
Economic Geology at The University of Texas at Austin.

6. Climate Abilene. 2015. Texas and Weather averages



110+ FINE FOCUS, VOL. 3 (2)

Abilene. US. Climate Data. Retrieved from http://www.
usclimatedata.com/climate/abilene/texas/united-states/
ustx1798.

7. Daly RA, Borton MA, Wilkins MJ, Hoyt DW, Kountz
D), et al. 2016. Microbial metabolisms in a 2.5-km-deep
ecosystem created by hydraulic fracturing in shales. Nat.
Microbiol 1:16146.

8. Dang PN, Dang TCH, Lai TH, Stan-Lotter H. 1996.
Desulfovibri viethamensis sp. nov., a halophilic sulfate-

reducing bacterium from Vietnamese oil fields. Anaerobe
2:385-392.

9.Das N, Chandran P. 2010. Microbial degradation of
petroleum  hydrocarbon contaminants: an overview.
Biotech. Research International 2011:e941810

10. DasSarma S, Arora P. 2002. Halophiles. In
Encyclopedia of Life SciencesJohn Wiley & Sons, Ltd.
Chichester: John Wiley & Sons, Ltd.

11. Dresel PE, Rose AW. 2010. Chemistry and Origin of Oil
and Gas Well Brines in Western Pennsylvania. Bureau of
Topographic and Geologic Survey at The Pennsylvania
State University.

12.Engle, MA, Rowan, EL. 2015. Geochemical evolution
of produced waters from hydraulic fracturing of
the Marcellus Shale, Northern Appalachian Basin: a
multivariate compositional data analysis approach. Int. . of
Coal Geol 126:45-56.

153.Enning D, Garrelfs ]. 2014. Corrosion of iron by sulfate-
reducing bacteria: new views of an old problem. Appl.
Environ. Microbiol 80:1226—1236.

14 Frank, JA, Reich CI, Sharma S, Weisbaum S, Wilson BA
and Olsen GJ. 2008. Critical evaluation of two primers
commonly used for amplification of bacterial 16S rRNA
genes. Appl. Environ. Microbiol #4:2461-2470.

15.Fathepure BZ. 2014 Recent studies in microbial
degradation of petroleum hydrocarbons in hypersaline
environments. Front. Microbiol 5:175.

16. Henningsen GR. 1985. Deposition and diagenesis of the
Flippen limestone, Fisher and Jones counties, Texas. Texas
Tech University

1#Huu NB, Denner EB, Ha DT, Wanner G, Stan-Lotter
H. 1999. Marinobacter aquaeolei sp. nov., a halophilic
bacterium isolated from a Vietnamese oil-producing well.
Int. J. Syst. Bacteriol 49 Pt 2:361—55.

18.Kelso M. 2015. 1.7 Million Wells in the U.S—a 2015 update:
Updated National Well Data. FrackTracker Alliance.

19.Lapeyrouse, NJ 2002. Formulas and Calculations for

Drilling, Production, and Workover, 2nd Edition. Houston:
Gulf Professional Publishing.

90. Mannitol Salt Agar (MSA) for the identification of
Staphylococcus aureus and epidermidis. Hardy Diagnostics.
Retrieved from https://catalog.hardydiagnostics.com/
cp_prod/Content/hugo/MannitolSaltAgarhtm.

21.Li X. 2015. Biodiversity of halophiles in Yuncheng Salt
Lake which became red. Marinobacter sp. RS-36 16S
ribosomal RNA gene, partial sequence. NCB.

29. Martinez-Cénovas MJ, Béjar V, Martinez-Checa F,
Piez R, Quesada E. 2004. Idiomarina Fontislapidosi sp.
nov. and Idiomarina ramblicola sp. nov, isolated from
inland hypersaline habitats in Spain. Int. ]. Syst. and Evol.
Microbiol 54:1195-97.

25. Miranda-Tello E, Fardeau ML, Joulian C, Magot M,
Thomas P, Tholozan JL, Ollivier B. 2007. Petrotoga
halophila sp. nov, a thermophilic, moderately halophilic,
fermentative bacterium isolated from an offshore oil well
in Congo. Int. J. Syst. and Evol. Microbiol 5:40—44.

24. Oren A. 2008. Microbial life at high salt concentrations:
phylogenetic and metabolic diversity. Saline Sys 4:2.

25. Qin X, Tang ], Li D, Zhang Q. 2012. Effect of salinity
on the bioremediation of petroleum hydrocarbons in a
saline-alkaline soil. Lett. Appl. Microbiol 55:210—17.

26. Wang L, Lai Q Fu Y, Chen H, Wang W, Wang ],
Sun F, Shao Z. 201l Idiomarina xiamenensis sp. nov.,
isolated from surface seawater, and proposal to transfer
Pseudldiomarina aestuarii to the genus Idiomarina as

Idiomarina aestuarii comb. nov. Int. . Syst. Evol. Microbiol
61:969—973.

2¢.Youli L, Jingchun Y, Youli L, Jingchun Y. 1994. Evolution
of Yuncheng Saline Lake (Shanxi, China). Geogr. Res
15:70-75.

HALOPHILIC BACTERIA - 111



