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Abstract Considerable amount of gasoline from natu-
ral and anthropogenic sources, such as urban runoff
during hurricanes and oil discharges from pleasure
crafts, has been released into Lake Pontchartrain, Lou-
isiana, which poses a threat to the lake marsh ecosys-
tems. In this research, we evaluated the impact of gaso-
line on indigenous bacterial communities in three types
of marsh sediments collected from the Lake
Pontchartrain. Our data show that several bacterial spe-
cies are significantly enriched in gasoline-treated sedi-
ments. DNA sequencing data indicate that the enriched
bacteria in response to the gasoline treatment are
Acidocella and Burkholderia spp. in freshwater marsh;
Mariprofundus, Nitrosospira, and Ferrimicrobium spp.
in brackish marsh; and three Pseudomonas spp. in salt
marsh. Our research will help to understand a gasoline
bioremediation by indigenous bacteria and to develop
site-specific bioremediation strategies for the Lake
Pontchartrain.
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1 Introduction

Marshes are important ecosystems because they harbor
terrestrial and aquatic species, provide recreational op-
portunities, store floodwaters, and influence surface wa-
ter quality by transforming or storing pollutants. There
is, however, a continuing loss of marshes due to coastal
developments and contamination problems (Unites
States Environmental Protection Agency 2013). Our
study focused on marshes around the Lake
Pontchartrain, which are vulnerable to gasoline contam-
ination due to the fact that the lake receives high amount
of gasoline discharged from pleasure crafts or by urban
runoff from roads and highways after hurricanes or
heavy rain. In 2005, hurricane Katrina damaged more
than 100 oil and gas platforms causing oil spill accidents
that released about 8 million gallons of oil (Manuel
2006). The oil-contaminated floodwaters were pumped
into the Lake Pontchartrain, which subsequently con-
taminated the lake and the marshes around the lake
(Manuel 2006). Similar accidents are likely to happen
due to hurricanes and storms. The estimated annual
release of unburned oil and gasoline into the Lake
Pontchartrain from the operation of two-cycle engine
pleasure crafts is 150,000 gallons per year (Department
of Natural Resources and State of Louisiana 1995).
Lake Pontchartrain is also susceptible to gasoline con-
tamination due to possible leaks from newly constructed
Parkway Pipeline beneath the lake, which transports
gasoline and other oils from refineries in Norco, LA,
to Collins, MS (Office of the Governor and State of
Louisiana 2013). The gasoline contamination poses a
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threat to the marshes and living organisms as a long-
term effect, especially if a huge amount of gasoline spill
is caused by hurricanes, heavy rain, or other natural
disasters (Dietrich et al. 2012).

Gasoline, the distillate of crude oil that contains C,4 to
C, hydrocarbons (Sawyer 1993), can cause serious
environmental problems and has harmful effects on
living organisms (Chikere et al. 2011; Militon et al.
2010; Marin et al. 2005; Weidong et al. 2011). Gasoline
is thought to be carcinogenic and toxic to living organ-
isms (Jain et al. 2011). Hydrocarbon compounds found
in gasoline can persist in soil/sediment particles and
cause damage to their physical properties (Militon
et al. 2010). Benzene in gasoline (Burri et al. 2004) is
a toxic chemical causing aplastic anemia, leukemia, and
multiple myeloma (Yardley-Jones et al. 1991). There-
fore, effective gasoline cleanup strategies are needed to
resolve these problems (Bundy et al. 2002).

The majority of principal hydrocarbon components
of gasoline are biodegradable (Prince 2003). Among the
plethora of microorganisms in soils, many microorgan-
isms are known to degrade hydrocarbon compounds
(Juwarkar et al. 2010). The increasing demand for ef-
fective cleaning of polluted environments has led to
development and wide use of bioremediation strategies
that are cost-effective and eco-friendly and have a po-
tential to detoxify a wide range of oil contaminants
(Chikere et al. 2009; da Silva et al. 2009; Liu et al.
2010; Zouboulis and Moussas 2011). Bio-
augmentation is one of the popular bioremediation strat-
egies; oil-degrading microorganisms are inoculated into
contaminated environments to increase the rate of bio-
remediation (Mrozik and Piotrowska-Seget 2010). It has
been reported that a treatment of gasoline-degrading
microorganisms expedites the gasoline biodegradation
process in contaminated areas (Liu et al. 2011; Maduefio
et al. 2011). However, this strategy also has a risk of
causing unexpected ecological problems by introducing
foreign microorganisms. Because the use of indigenous
microorganisms reduces the potential environmental
risk, understanding indigenous microbial community
in the polluted site is required in order to develop site-
specific bioremediation strategies (Grenni et al. 2012;
Lebkowska et al. 2011; Maduefio et al. 2011; Watanabe
2001).

The ultimate goal of our research is to develop site-
specific gasoline bioremediation strategies for the Lake
Pontchartrain and adjacent areas. In this study, indige-
nous marsh bacteria at the lake that thrive in response to
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gasoline treatment were detected and identified. Our
research helps to understand the bioremediation process
of gasoline and to identify suitable gasoline-degrading
bacteria for site-specific bioremediations of the Lake
Pontchartrain.

2 Materials and Methods
2.1 Sampling and Chemical Analysis

Marsh sediment samples were collected along the north-
eastern side of Lake Pontchartrain on May 6, 2011
(Fig. 1). Three sediment samples were collected from a
freshwater marsh (FM), a brackish marsh (BM), and a
salt marsh (SM). The salt and brackish marsh sites were
primarily vegetated by Spartina alterniflora and Sparti-
na patens, which are saltwater plants. The freshwater
marsh site was covered by Sagittaria lancifolia, Tipha
angustifolia, Potamogeton nodosus, and Scirpus olneyi,
most of which are freshwater plants. Salinities of the
marshes are shown in Table 1. After removing the
surface vegetation, the top 30 cm of the sediment was
sampled, transported on ice, and stored at 4 °C before
use. Three marsh sediments (FM, BM, and SM) were
sent to Central Analytical Instruments Research Labo-
ratory, Louisiana State University (Baton Rouge, LA)
for analysis of carbon and nitrogen contents, anions
(method EPA 300.0), total phosphorus (method EPA
365.3), and metal (method EPA 200.7) (Tables 1 and
S1). All sediment results are in dry weight basis.

2.2 Microcosm Preparation and DNA Extraction

Two sets of microcosms were prepared in triplicate: (1)
non-treated control and (2) microcosms treated with 2 %
(20 pL of gasoline in 1 g of sediment) of commercial
gasoline (dos Santos et al. 2011) obtained from a local
gas station (Troy, AL) on February 14, 2012. One gram
of sediment was used to set up microcosms in 15-mL
glass test tubes. All microcosms were incubated at room
temperature for 1 week. Total DNA was extracted from
0.3 g of microcosm sediment samples, both treated and
control sediments, using a PowerSoil™ DNA Isolation
Kit according to the manufacturer’s instructions (MoBio
Laboratories, Carlsbad, CA). Extracted DNAs were
stored at —20 °C prior to analysis.
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Fig. 1 Location of three sampling sites along the northeastern side of Lake Pontchartrain

2.3 Polymerase Chain Reaction

The V3 region of bacterial 16S ribosomal RNA (rRNA)
gene was amplified by polymerase chain reaction (PCR)
using the forward primer 341F with GC clamp and
reverse primer 534R (Muyzer et al. 1993). PCR mixture
was 50 uL, containing 10 pmol of each primer, 1 pL of
template DNA, 0.25 mM of dNTP, 5 uL of 10x Green
Taq PCR buffer, and 1 U of Green Taqg DNA polymerase
(GenScript, Piscataway, NJ). The PCR reactions were
carried out with a DNA thermal cycler (GeneAmp PCR
System 2700, Applied Biosystems, Foster City, CA) at
an initial temperature of 95 °C for 5 min, followed by
35 cycles 0of 95 °C for 20 s, 55 °C for 45 s, and 72 °C for
45 s. A final extension was carried out at 72 °C for
7 min. After amplification, the products were analyzed
by electrophoresis in 1.5 % agarose gel. The gels were

stained with ethidium bromide and photographed on a
UV transilluminator (Fisher Scientific, Pittsburgh, PA).

2.4 Denaturing Gradient Gel Electrophoresis and DNA
Sequencing

Amplified bacterial 16S rRNA gene fragments were
separated by using a Bio-Rad DCode™ system (Bio-
Rad Laboratories, Hercules, CA). All triplicate micro-
cosms were subjected to denaturing gradient gel elec-
trophoresis (DGGE) analysis. Six percent polyacryl-
amide gels were made with a linear denaturing gradient
with 40 % denaturant at the top to 60 % denaturant at the
bottom of the gel. The PCR products were loaded onto
the polyacrylamide gels in a 1x Tris-acetate-EDTA
(TAE, pH 8.0) buffer. The electrophoresis was carried
out in a 1x TAE buffer for 16 h at 45 V. The DGGE gel

Table 1 Key property of three

marshes at Lake Pontchartrain pH Salinity (ppm) Iron (mg/kg) Sulfur (mg/kg)
Freshwater marsh (FM) 6.31 7,241 7,986 5,428
Brackish marsh (BM) 7.31 19,866 12,654 4,253
Salt marsh (SM) 7.06 22,446 19,914 5,305
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was stained with ethidium bromide and photographed
on a UV transilluminator (Fisher Scientific, Pittsburgh,
PA). The DGGE patterns of the gasoline-treated marsh
sediments were compared to the control sediments to
select the bands that were present only in control or
gasoline-treated samples. The DGGE bands of interest
were excised with a clean blade and incubated with
50 pL of distilled water at 4 °C overnight. Re-
amplification of diffused DNAs was performed with
the same primer set and PCR conditions as described
above. The purity of the excised bands was confirmed
by DGGE. If necessary, the DGGE bands were re-
excised and the process of PCR-DGGE was repeated
until a single DGGE band was observed. The resulting
PCR products were purified with QuickClean II PCR
Extraction Kit (GenScript Corporation, NJ) according to
the manufacturer’s instruction and used as templates for
DNA sequencing. Each sample was sequenced with
forward and reverse primers separately. The resulting
DNA sequences were combined together. If necessary,
additional DNA sequencings were performed to clarify
ambiguous base pairs. The DNA sequencing was con-
ducted by Genewiz Inc. (Genewiz Inc., South Plainfield,
NJ). The basic local alignment search tool (BLAST)
was used to search homologous DNA sequences in the
GenBank DNA libraries (Altschul et al. 1990). A phy-
logenetic analysis was constructed by using a Molecular
Evolutionary Genetics Analysis (MEGA) version 5
(Tamura et al. 2011). Neighbor-joining phylogenetic
trees with 1,000 bootstrap replications were constructed
with the maximum composite likelihood model for nu-
cleotide substitutions (Tamura et al. 2011).

3 Results

3.1 Chemical Analysis

Key chemical properties of freshwater, brackish, and
salt marsh sediments are shown in Table 1. As expected,
the salt marsh has high-salinity content, while the fresh-
water marsh has low-salinity content. All three marsh
samples have considerable amounts of iron and sulfur
(Table 1).

3.2 DGGE Analysis

The effects of gasoline treatments on microbial commu-
nity structure were observed using a DGGE analysis
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(Fig. 2). All triplicate microcosms were analyzed, which
showed the same patterns (data not shown). Each of the
marsh sediments showed its unique DGGE pattern, and
no dominant DGGE band was present in two or more
different marshes. One major band in control brackish
marsh (BM1), three major bands in gasoline-treated
brackish marsh (BM2, BM3, and BM4), two major
bands in gasoline-treated freshwater marsh (FM1 and
FM2), and three major bands in gasoline-treated salt
marsh (SM1, SM2, and SM3) were selected for DNA
sequencing. These bands, except BM1, represent bacte-
ria that grow well in the gasoline-treated sediments, not
in the control sediments (Fig. 2).

3.3 16S rRNA Gene Sequencing and Phylogenetic
Analysis

The selected nine DGGE bands (Fig. 2) were se-
quenced, and the sequence of each band was compared
to homologous sequences in GenBank by the BLAST
search. The closest relatives in the GenBank are shown
in Table 2. Phylogenetic tree was constructed with the
obtained sequences and their close relatives (Fig. 3).

4 Discussion

We showed that the bacterial communities in three dif-
ferent Lake Pontchartrain marshes were greatly changed
in response to the gasoline treatment. Even though the
three sampling sites are geographically close (Fig. 1),
their bacterial communities are significantly different
(Fig. 2). These data suggest that one type of microor-
ganism may not be effective to bioremediate all three
geographical areas of the Lake Pontchartrain. As a rule
of thumb, the visible bands representing individual bac-
terial species are not produced on DGGE gels unless the
population densities represent 1 % of the total bacterial
population (Park and Crowley 2005). No high-intensity
DGGE band (such as bands BM2, BM3, FM1, FM2,
and SM2) was observed in three control sediments
(Fig. 2), which represents that sediments originally con-
tain diverse bacterial population that are more or less
evenly abundant without dominant species (Smalla et al.
2001). While high-intensity DGGE bands were ob-
served in sediments treated with gasoline (Fig. 2), it
suggests that certain indigenous bacteria thrive in re-
sponse to the gasoline treatment. This is expected be-
cause the bacterial community structure tends to change
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Fig. 2 Bacterial community shift after 2 % of gasoline treatment.
DGGE profiles of 16S rRNA gene fragments were analyzed after
1 week of incubation at room temperature. All triplicate

when new energy sources are provided. Several studies
have confirmed the change in microbial community
structure after input of oil that acts as an energy source
(Hazen et al. 2010; Hollaway et al. 1980; Kostka et al.
2011; Lu et al. 2011; MacNaughton et al. 1999;
Maruyama et al. 2003; Pucci et al. 2000). Besides oil-
degrading bacteria, bacteria resistant to hydrocarbon
toxicity or bacteria that can utilize the intermediates
produced by oil-degrading bacteria may thrive together
(Ekpo and Ebeagwu 2009).

microcosms were analyzed, which showed the same pattern. FM
freshwater marsh, BM brackish marsh, SM salt marsh

In order to further understand the functional identity
of oil degrading bacteria, stable isotope probing (SIP)
with '*C-labeled gasoline hydrocarbons is an appropri-
ate tool. In previous research, SIP method has been
frequently used to identify microorganisms that degrade
hydrocarbons. Desulfosporosinus phylotypes (Sun et al.
2014; Winderl et al. 2010a, b), a member of genus
Desulfuromonas (Kim et al. 2014), five different phylo-
types (Sun and Cupples 2012), an uncultured bacterium
closely related to Desulfocapsa (Bombach et al. 2010),

Table 2 Closest relatives of ma-

jor DGGE bands Band Closest relative found in BLAST GenBank account # % Identity
FM1 Burkholderia sp. clone ABS558203 80.3
FM2 Acidocella sp. clone EF087979 98.6
BM1 Thiobacillus prosperus strain DSM 5130 EU653291 99.4
BM2 Mariprofundus sp. GSB2 HQ206653 94.9
BM3 Nitrosospira sp. isolate AF X84658 94.9
BM4 Ferrimicrobium sp. clone C.la-6 JX504890 93.5
SM1 Pseudomonas sp. LYBRD3-7 HM246142 98.9
SM2 Pseudomonas sp. LYBRD3-7 HM246142 100
SM3 Pseudomonas sp. CC-OPY-1T JQ277453 96.9
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Fig. 3 Neighbor-joining tree based on DNA sequences of seven
DGGE bands and related 16S rRNA genes. Excluding primer
regions, 153 bp of DNA sequences was used for analysis. Boot-
strap values (1,000 replicates) higher than 50 % are indicated at the

and a member of genus Polaromonas (Sun et al. 2010)
were shown to degrade '*C-labeled toluene under vari-
ous conditions. Similarly, the SIP experiments were
used to show benzene degradation by members of
Cryptanaerobacter/Pelotomaculum (Herrmann et al.
2010), Clostridia (Kunapuli et al. 2007), and an uncul-
tured microorganism related to clone SB-21 (Oka et al.
2008). Thus, the SIP of '*C-labeled gasoline hydrocar-
bons has a great potential to extend this research.

In the freshwater marsh microcosms, two DGGE
bands were enriched in the gasoline-treated sediments
(Fig. 2), and their DNA sequences showed that band
FM1 is 80.3 % identical with a Burkholderia sp. clone
(AB558203) and that band FM2 is 98.6 % identical with
a Acidocella sp. clone (EF087979) (Table 2). Many
Burkholderia spp. are well-known hydrocarbon de-
graders that degrade phenanthrene and other polycyclic
aromatic hydrocarbons (PAHs) (Huang et al. 2008;
Laurie and Lloyd-Jones 1999; Balashova et al. 1999).
Acidocella spp. are also known to degrade naphthalene,
the simplest PAH, as a sole energy source (Dore et al.
2003) and was found in acidic soils contaminated with
crude oil (Hamamura et al. 2005; Roling et al. 2006).
Hamamura et al. (2005) also identified Acidiphilium
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Pseudomonas sp. CC-OPY-1 (JQ277453)
Pseudomonas sp. LYBRD3-7 (HM246142)
SM2

SM3

87'SM1

Pseudomonas aeruginosa DSM500717 (X06684)
Pseudomonas putida DSM291T (276667)
Acidiphilium acidophilum (D86511)

52| 53 FM2
99l Acidocella sp. clone (EF087979)

BM3

Nitrosospira sp. isolate AF (X84658)
4 Nitrosospira sp. isolate 24C (AJ298724)

BM2
—%q_—ﬂwariprofundus sp. GSB2 (HQ206653)
94— Mariprofundus ferrooxydans strain PV-1 (EF493243)
Ferrimicrobium sp. clone C.la-6 (JX504890)
96 Actinobacterium single cell isolate (HQ663393)

92 ‘{Nitrosospira multiformis ATCC 25196 (NR_074736)

Bacillus subtilis (KC166863)

branch points. The tree was derived from variable region 3 of the
16S rRNA gene. The 16S rRNA genes of Bacillus subtilis were
used as an outgroup. FM freshwater marsh, BM brackish marsh,
SM salt marsh

acidophilum (D86511) as one of the dominant bacteria
in hydrocarbon-contaminated soil (Hamamura et al.
2005).

The diverse bacterial species were observed in brack-
ish marsh sediments with or without gasoline treatments
(Fig. 2). Band BM1 was detected only in control sedi-
ments, which suggests that the bacterial species
representing band BM1 cannot thrive with gasoline.
DNA sequencing data show the band BM1 bacteria is
phylogenetically close to Thiobacillus prosperus strain
DSM 5130 (EU653291) (Table 2). T. prosperus is a
halotolerant metal-oxidizing Betaproteobacterium,
which can use iron and sulfur as its energy sources
(Huber and Stetter 1989). The brackish marsh used in
this study has considerable amounts of iron and sulfur
(Table 1), which support that the halotolerant metal-
oxidizing bacteria become a dominant species in the
control brackish marsh. The three major DGGE bands
in gasoline-treated brackish marshes are BM2, BM3,
and BM4, which are phylogenetically close to
Mariprofundus sp. GSB2 (HQ206653), Nitrosospira
sp. isolate AF (X84658), and Ferrimicrobium sp. clone
C.la-6 (JX504890), respectively (Table 2). To our best
knowledge, gasoline biodegradation by Mariprofundus



Water Air Soil Pollut (2014) 225:2011

Page 7 of 10, 2011

and Ferrimicrobium spp. has not been reported previ-
ously. Mariprofundus spp., such as Mariprofundus
ferrooxydans PV-1, are chemolithotrophs that acquire
their energy from iron oxidation at microaerophilic en-
vironments (Nakagawa and Takai 2008; Singer et al.
2011; Summers et al. 2013). Ferrimicrobium spp. are
recently discovered acidophilic bacteria that belong to
phylum Actinobacteria and reduce iron in anaerobic
environments (Johnson et al. 2009). According to Pow-
ers et al. (2007), the growth and abundance of some
iron-oxidizing bacteria are enhanced by presence of oil
(Powers et al. 2007). The results from other studies
reveal that M. ferooxydans PV-1 and/or GSB2 occupy
more than 1 % of the microbial community in an oil-
contaminated soil (McBeth et al. 2011; Summer 2012).
Ekpo and Ebeagwu (2009) claimed that anaerobic con-
dition may have been created by the introduction of oil
to the soil, which favors microaerophilic and anaerobic
bacteria, such as Mariprofundus and Ferrimicrobium
spp., to thrive in gasoline-treated iron-rich marshes.
The closest phylogenetic relative of band BM3 belongs
to the Nitrosospira spp., a chemolithoautotrophic
ammonia-oxidizing bacteria (Laanbroek et al. 2012).
This bacteria carries out ammonia oxidation with an
enzyme called ammonia monooxygenase (Kurola et al.
2005a, b; Norton et al. 2002). A number of studies have
shown that ammonia-oxidizing bacteria can also oxidize
various hydrocarbons by the action of the same enzyme
(Deni and Penninckx 1999; Hyman et al. 1988; Keener
and Arp 1994; Vannelli et al. 1990). Nitrosospira
multiformis strains 24C and ATCC 25196 (Fig. 3) have
copies of amo gene that codes for ammonia
monooxygenases (Norton et al. 2002). Kurola et al.
reported abundant Nitrsospira spp. in the soil having
high levels of hydrocarbons (Kurola et al. 2005a, b).
After gasoline treatment to the salt marsh sediments,
three dominant DGGE bands appeared (Fig. 2) and
DNA sequencing data showed that they all belong to
the genus Pseudomonas (Table 2). The Pseudomonas
sp. strain CC-OPY-1" (Fig. 3) was isolated from an oil-
contaminated site in Taiwan (Lin et al. 2012). Pseudo-
monas spp. are well-known hydrocarbon degraders.
Pseudomonas aeruginosa can degrade a variety of hy-
drocarbons in oil as its sole carbon source (Belhaj et al.
2002). Many studies have shown the high capacity of oil
hydrocarbon degradation by P. aeruginosa (Das and
Mukherjee 2007; Husain 2008; Karamalidis et al.
2010; Shailubhai et al. 1985; Speight and Arjoon
2012; Yeung et al. 2013; Zhang et al. 2011; Zhang

et al. 2012). Similarly, Pseudomonas putida is also
capable of degrading oil hydrocarbons (Hosokawa
et al. 2010). Another factor to consider is that many
Pseudomonas spp. are able to survive in saline environ-
ments. P. aeruginosa was isolated in the open ocean
(Khan et al. 2007), and benzene, toluene, and xylene
(BTX) degrading Pseudomonas spp. were isolated from
the Pacific Ocean sediment and nearshore surface water
(Wang et al. 2008). Based on previous and our data,
Pseudomonas spp. can be excellent candidates to
bioremediate oil-contaminated ocean sediments. One
more point that needs to be considered here is that no
iron-oxidizing bacteria were identified in the salt marsh
sediments, while the salt marsh sediments contain
higher iron concentration than the brackish marsh sedi-
ments (Table 1). This may be due to a reason that high
salinity is toxic to iron-oxidizing bacteria (Cameron
et al. 1984). According to Cameron et al. (1984), iron-
oxidizing bacteria that were obtained from brackish
water were completely inhibited by high amount of salt.
Further research is needed to clarify this possible link.

5 Conclusion

Indigenous bacteria that thrive in response to the gaso-
line treatment were detected in three types of marshes at
Lake Pontchartrain (Fig. 1). The bacterial community
structure of each marsh was completely different
(Fig. 2), and bacteria found in gasoline-enriched sedi-
ments, excluding Mariprofundus and Ferrimicrobium
spp., were phylogenetically close to known oil-
degrading bacteria (Fig. 3). Understanding indigenous
bacteria and their distribution with regard to salinity can
be the first step to develop effective site-specific biore-
mediation strategies for the Lake Pontchartrain without
potential environmental risk caused by introducing for-
eign oil-degrading bacteria.
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