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Abstract
Water column and sediment samples were collected in the southern Gulf of Mexico (GoMex) during 3 oceanographic cruises:
XIXIMI-04 (September 2015), XIXIMI-05 (June 2016), and XIXIMI-06 (August 2017). DNA that was extracted from the
samples was analyzed by qPCR to detect and quantify bacterial groups that have been reported to metabolize alkanes
(Alcanivorax) and aromatic hydrocarbons (Cycloclasticus) and are involved in methane production (Methanomicrobiales).
The results were then analyzed with regard to the water masses that are currently detected in the GoMex. Generally, we observed
a decrease in the proportion of Alcanivorax and a rise in those of Cycloclasticus and Methanomicrobiales in samples from the
surface to deep waters and in sediment samples. Scatterplots of the results showed that the relative abundance of the 3 groups was
higher primarily from the surface to 1000 m, but the levels of Cycloclasticus andMethanomicrobialeswere high in certain water
samples below 1000 m and in sediments. In conclusion, oil-degrading bacteria are distributed widely from the surface to deep
waters and sediments throughout the southern GoMex, representing a potential inoculum of bacteria for various hydrocarbon
fractions that are ready for proliferation and degradation in the event of an oil spill from the seafloor or along the water column.
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Introduction

The Gulf of Mexico (GoMex), a semi-enclosed basin, is an
important area for fisheries, tourism, and the oil industry in the
USA and Mexico. According to the US Energy Information
Administration (2018), the mean oil production from 2010 to
2018 in the US area of the northern GoMex was estimated to
be 1.6 million barrels per day (1 barrel of oil = 159 L).

The water masses in the GoMex from the Atlantic
Ocean and Caribbean Sea have been characterized with
regard to salinity, temperature, and dissolved oxygen, in
the Yucatan channel and inside of the GoMex (Rivas et al.
2005). From the surface to a depth of approximately
1000 m, the water masses have higher phytoplankton pro-
ductivity (normally corresponding to a fluorescence max-
imum < 100 m), followed by 18 °C Sargasso Sea water
(200–400 m), low-oxygen water mass (400–600 m) that is
characteristic of Tropical Atlantic Central Water (TACW),
and Antarctic Intermediate Water (AAIW; 600–900 m).
Below 1000 m, the GoMex is filled with North Atlantic
Deep Water (NADW), characterized by salinity maximum
(35.0 psu), low temperature (4 °C), and high (> 5 ml/L)
dissolved oxygen concentration (Rivas et al. 2005). River
systems such as the Mississippi-Atchafalaya in the north
and the Coatzacoalcos, Papaloapan, and Grijalva-
Usumacinta in the south significantly influence the ecol-
ogy of the GoMex (Lizárraga-Partida 1996).
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However, the principal hallmark of the Gulf is the presence
of oil and natural gas (primarily methane) seeps, in the deep
and coastal areas of Mexico and the USA, from 30 to 3000 m.
According to Joye et al. (2016), at least 22,000 natural seeps
have been identified in the entire Gulf, approximately 1000 of
which are experiencing intense activity and are persistent.
Estimates of natural seepage rates for oil from GoMex natural
seeps vary between 1500 and 3800 barrels per day (Joye et al.
2016), representing an important supply of organic matter that
can be used as a carbon source by microorganisms, especially
bacteria. Consequently, the entire ecosystem (water column
and sediments) represents a food web that is highly influenced
by these oil and gas seeps, containing bacteria that are directed
toward hydrocarbon degradation.

These seeps have been a valuable indication of oil reservoirs,
and since the drilling of the first oil well on the coast of Louisiana
in 1937 (Pratt et al. 1997), the GoMex has become one of the
most promising regions for the oil industry. Yet, the discovery of
new reservoirs has increased the risk of accidental oil spills. The
massive oil spills of the Ixtoc I blowout (3.4 million barrels) in
the southern GoMex in 1979 (Soto et al. 2014) and the
Deepwater Horizon accident (DWH)—in which 5 million oil
barrels and 250,000 metric tons of gas, primarily methane, were
released into the northern GoMex in 2010 (Joye 2015)—have
demonstrated the difficulty in evaluating large-scale environmen-
tal disturbances and assessing the return to normal ecological
conditions, without previous baseline studies.

Studies that were conducted 1 year after the DWH spill
reported that the hydrocarbon concentrations in the water col-
umn remained low (Yergeau et al. 2015). DWH studies also
detected an unrecognized diversity of closely related taxa that
are affiliated with Cycloclasticus , Colwellia , and
Oceanospirillaceae, which are usually not observed in natural
hydrocarbon seeps (Kleindienst et al. 2016). In beach sands
that were impacted by the DWH accident, several components
such as n-alkanes were reported; based on this, it was
established that the gammaproteobacteria Alcanivorax spp.
could be used as a microbial indicator of the early stages of
oil hydrocarbon degradation (Kostka et al. 2011).

Oil-degrading bacteria (ODB) that use saturated hydrocar-
bons as their carbon source, such as Alcanivorax spp.,
Marinobacter spp., and Oleiphilus spp., and those that metab-
olize PAHs, such as Cycloclasticus spp. and Neptumonas spp.
(Head et al. 2006), are normally detected in marine habitats.
Smith et al. (2013) reported the presence of ODB that harbor
the alkane hydroxylase gene (Alcanivorax-Marinobacter) in
the waters of the northern Gulf of Mexico, immediately prior
to the DWH accident. Once an accidental oil spill occurs in
marine systems, ODB flourish and become dominant mem-
bers of the microbial community (Teramoto et al. 2009; Vila
et al. 2010). According to Hazen et al. (2010), cold-adapted
marine microorganisms respond rapidly to hydrocarbon expo-
sure during the DWH accident, within hours to days.

There are significant amounts of the γ-proteobacteria
Alcanivorax spp. and Cycloclasticus spp. in the marine envi-
ronment. Alcanivorax spp. are considered an obligate hydrocar-
bon degrader, primarily aliphatic hydrocarbons (Joye et al.
2014). Since the isolation of the first member of the genus
Alcanivorax (A. borkumensis), more than 250 bacteria that are
associated with Alcanivorax have been isolated or detected,
based on 16S rRNA gene sequences, in various marine habitats
(Head et al. 2006). Members of the genus Cycloclasticus, such
as C. pugetii, were first isolated in Puget Sound sediments
(Dyksterhouse et al. 1995); since then, Maruyama et al.
(2003) have shown that along the oil-polluted Mikuni coast,
ODB that are phylogenetically related to the species
C. pugetii are the predominant heavy-oil decomposers.
Further, bacteria that are similar toC. pugetii have been isolated
in samples from the GoMex (Geiselbrecht et al. 1998).

The order Methanomicrobiales includes genera that are
involved in the production of methane under anaerobic con-
ditions from various carbon sources, such as aliphatic hydro-
carbons (Zhou et al. 2012). Methane from natural seeps and
unknown sources has been detected from deep to surface wa-
ters in the GoMex, influencing the microbial community
structure (Rakowski et al. 2015). Although no studies have
described the distribution of Methanomicrobiales in the
GoMex, perhaps due to the high dissolved oxygen concentra-
tion along the water column, the microbial production of
methane, usually reported as an anaerobic process, can occur
in well-oxygenated water column samples from a freshwater
lake (Grossart et al. 2011).

Current and future oil activities in the Mexican waters of
the GoMex will increase the risk of an accident, necessitating
baseline ecological studies, including an assessment of the
distribution of hydrocarbon-related γ-proteobacteria genera,
such as Alcanivorax and Cycloclasticus, and the Archaea or-
der Methanomicrobiales. In this study, we generated baseline
data on these groups by qPCR analysis of 30 sediment sam-
ples and 1081 water column samples that were collected dur-
ing 3 oceanographic cruises in the southern GoMex.

Materials and methods

Sample collection

Samples were collected during 3 oceanographic cruises (Fig.
1), onboard the research vessel Justo Sierra (Universidad
Nacional Autónoma de México, UNAM): XIXIMI-04 (XIX-
04) in September 2015, during the rainy season; XIXIMI-05
(XIX-05) in June 2016, during the end of the dry season; and
XIXIMI-06 (XIX-06) in August 2017, also during the rainy
season. The first XIXIMI line of sampling locations was lo-
cated at 25° N, and the nearest XIXIMI sampling location to
the oil spill areas in the USAwas located at 25° N and 88° W,
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approximately 350 km south (Fig. 1) of the DWH platform
and the Taylor Energy Co. platform.

A total of 1081 water samples were collected at 54
sampling locations (Fig. 1) using 12 × 20 L Niskin bottles
in an oceanographic rosette system that could be closed
remotely at selected depths of the water column by real-
time monitoring using a SeabirdTM CTD, with probes for
conductivity, depth, temperature, fluorescence, and dis-
solved oxygen. The selected depths were related to the
water masses that have been reported for the GoMex
(Rivas et al. 2005): the fluorescence maximum (50–
100 m), 250 m, 300 m, the oxygen minimum, (± 400 m:
TACW), 600 m, 800 m, 1000 m (AAIW), 1200 m,
2000 m, 2500 m (NADW), and the bottom (10 m above
the sea floor). Two liters at each depth was passed
through a 0.22-μm Sterivex™ filter (EMD Millipore,
Burlington, MA, USA) immediately after sample collec-
tion. A total of 30 sediment samples were collected at
selected points on all cruises (Table S1) using a Reineck
box corer. A subsample from the surface layer (~ 10 cm
depth) was taken using 10-mL sterile syringes; stored at
4 °C; transported at 4 °C to CICESE in Ensenada B.C.,
Mexico; and stored at − 20 °C until DNA extraction.

DNA extraction

DNA was extracted using the Wizard Genomics DNA™
purification kit (Promega Corportion, Madison, WI, USA)
as per the instructions for Gram-negative bacteria, with
the following modification: nuclei lysis solution was

added directly to the Sterivex™ filter, capped with hand-
made plugs, and placed in a hybridization oven for incu-
bation with smooth and steady rotation (80 °C, 5 min).
The solution was collected in a 1.5-mL Eppendorf tube,
and the proteins and DNA were precipitated per the man-
ufacturer’s instructions. DNA was suspended in 50-μL
nuclease-free water. The PowerMax™ Soil (MoBio,
Carlsband, CA, USA) DNA isolation kit was used for
sediment samples. The quality and concentration of the
extracted DNA were measured on a NanoDrop Li™
(Thermo Fisher Scientific Inc., Waltham, MA, USA).
DNA samples were stored at − 80 °C until analysis.

Primer selection

Primers were designed to amplify a fragment of the 16S-SSU-
rDNA gene in the hydrocarbon-degrading prokaryotes
Alcanivorax, Cycloclasticus, and Methanomicrobiales. The
primer sequences are listed in Table 1.

For Alcanivorax, the Alcvx-464F/Alcvx-675R primer pair
(Kostka et al. 2011) was used, which amplified a 211-bp prod-
uct with a dissociation temperature (Tm) of 79.7 °C ± 0.6 °C.
For Cycloclasticus, the Cyc-467F/Cyc-577r pair (Gutierrez
et al. 2015) amplified a 128-bp product with a Tm of
83.9 °C ± 0.4 °C. An 84-bp product with a Tm of 74.9 °C ±
0.4 °C was obtained for Methanomicrobiales with
MMB749F/MMB832R primer pair (Yu et al. 2005). The
primers in this study were evaluated by gel electrophoresis
(data not shown) and qPCR using a standard DNA template.

Fig. 1 Sampling locations in the
GoMex for the three
oceanographic cruises. Some
locations were sampled for water
and/or sediment in all cruises
(Table S1). Continental platform
is indicated in brown
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Construction standard curve

Standard plasmids were constructed with the product of each
pair of primers, amplified by PCR from a mixture of genomic
DNA from a previous oceanographic cruise. Products were
cloned using the TOPO-TA™ cloning kit (Invitrogen™,
Carlsbad, CA, USA), and the resulting plasmids were purified
by low-scale alkaline lysis and sent to SeqXcel Inc. (San
Diego, CA, USA) for sequencing with M13F/R primers.

The optimal alignment temperature for each pair of primers
was determined. The PCR products, run through a tempera-
ture gradient (45–60 °C Δ 3 °C), were analyzed on a 2%
agarose gel. The temperature that allowed the most amplifica-
tion of a specific product was selected for the subsequent
assays. The PCR reaction (25 μL) contained 1 U of
GoTaq™ DNA polymerase (Promega Corportion, Madison,
WI, USA), 1× GoTaq™ Buffer, 1.5 mM MgCl2, 0.2 mM
dNTPs, 500 nM of each primer, and 1 × 106 copies of template
(specific standard plasmid). An 8-point standard curve
(2.40 × 107 – 3.07 × 102 copies) was generated for each prod-
uct from the plasmids, for which the product was amplified
with M13F/R primers, purified using the Purelink™ PCR pu-
rification kit (Invitrogen™, Carlsbad, CA, USA), quantified
by spectrophotometry at 260 nm, and serially diluted (1:5)
with nuclease-free water. Each point was run in triplicate by
qPCR, as described below.

Standard curves were constructed for the 3 genes, corre-
sponding to each taxon. For Alcanivorax (y = − 3.53x + 38.39,
R2 = 0.99, E = 91.87%), Cycloclasticus (y = − 3.35x + 35.70,
R2 = 0.99, E = 98.45%), and Methanomicrobiales (y =
− 3.52 + 36.79, R2 = 0.99, E = 92.32%) the standard curves
were linear over 8 orders of magnitude, ranging from 102 to
108 gene copies per μL.

Quantification by qPCR

The 10-μL reaction comprised 5-μL SYBR Green master
mix™ (Applied Biosystems, Foster City, CA, USA), 2.5-μL
nuclease-free water, 0.25 μL of each primer (10 nM), and
2 μL of extracted DNA. The program was as follows: an
initial cycle at 95 °C for 5 min; 40 cycles of 95 °C for 30 s,
optimal annealing temperature for 30 s, and extension at 72 °C

for 30 s; and dissociation from 60 to 95 °C in increments of
1% (~ 0.4 °C). The assays were run on a 7500 Real-Time PCR
system™ (Applied Biosystems, Foster City, CA, USA).

The number of copies/L or copies/kg, for water or sedi-
ment, respectively, was determined based on the obtained
standard curves. All depths were normalized to their highest
value in each sampling location. The normalization was per-
formed by dividing the value of the number of copies at each
depth by the highest value at their respective sampling loca-
tion, obtaining a relative abundance of 0 to 1.

The qPCR-normalized values for the 3 groups of ODB
were plotted as relative abundance using Ocean Data View
(Schlitzer 2017), according to the results for the water masses
and sediment samples from the XIX-04, XIX-05, and XIX-06
cruises.

Results

In the qPCR analysis, 1081 water samples from the southern
GoMex weremeasured by the number of copies/L (Fig. 2a–c).
On all cruises, the water samples had concentrations that
ranged from 101 to 105 for Alcanivorax, 101 to 104 for
Cy c l o c l a s t i c u s , a n d u n d e t e c t a b l e t o 1 0 4 f o r
Methanomicrobiales. On all cruises, Alcanivorax spp. were
the predominant group from 250 to 1000 m. The samples at
250 m had a maximum concentration of 105 copies per liter
for Alcanivorax. Cycloclasticus and Methanomicrobiales
levels were lower in water samples from the XIX-06 cruise.
In sediment samples, the concentration of Alcanivorax ranged
from undetectable to 106 copies per kg, compared with unde-
tectable to 107 for Cycloclasticus and Methanomicrobiales.
Based on the ODVmaps, the distribution of the relative abun-
dance of the 3 groups differed according to the depth of sam-
pling and in sediment.

Figure 3a–i shows the ODV representation of the relative
abundance, from 0 to 1, for the 3 groups of ODB at selected
water depths and sediments. We selected ODB that were rep-
resentative degraders of aliphatic hydrocarbons (Alcanivorx
spp.) and aromatic hydrocarbons (Cycloclasticus spp.) and a
group of bacteria that were related to methane metabolism
(orderMethanomicrobiales). Each point represents a sampling

Table 1 Primer pairs for ODB in the real-time quantitative PCR (qPCR) assays

Target (16S SSU rDNA) Name Primer sequence 5′-3′ Size (bp) Reference

Alcanivorax Alcvx-464F GAGTACTTGACGTTACCTACAG 211 Kostka et al. 2011

Alcvx-675R ACCGGAAATTCCACCTC

Cycloclasticus Cyc-467f AACCTTAGGCCCTGACGT 128 Gutierrez et al. 2015

Cyc-577r TGTTTAACCGCCTACGCG

Methanomicrobiales MMB749F TYCGACAGTGAGGRACGAAAGCTG 84 Yu et al. 2005

MMB832R CACCTAACGCRCATHGTTTAC
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location, and the scale of the colors corresponds to the relative
abundance of each group of ODB in the water mass and sed-
iment samples.

The relative abundance of ODB groups was distributed wide-
ly along the water column but at low numbers; nevertheless,
ODB were present throughout the water column and sediments
on all cruises. ODBwere more abundant from 250 to 1000m on
all cruises (Figs. 3 and 4), notably in the water mass samples of
18 °CSargasso Seawater (250–300m) and TACW(400–600m)
and at 800–1000 m, corresponding to AAIW. The near-bottom
water samples yielded more locations with a higher relative
abundance than NADW (1200 to 2500 m).

By sampling depth, for all cruises, Alcanivorax increased
from 250 to 1000 m, declined from 1200 to 2500 m, and rose
at certain locations in near-bottomwaters. Several locations had a
higher relative abundance in XIX-04 versus XIX-5 and XIX-06.
The genus Cycloclasticus had a similar distribution as
Alcanivorax but with greater abundance at 1200–2500 m and
in the bottom samples. Samples with high relative abundance
were more frequent in XIX-04 compared with those in XIX-05
and XIX-06. The orderMethanomicrobiales had a similar distri-
bution asCycloclasticus, with an increase at 1200–2500m and in
the bottom samples, and higher relative abundance in XIX-04
versus XIX-05 and XIX-06. Based on the geographic distribu-
tion of the ODB groups in the water samples, most of the high-
abundance points were observed north of 22 °N.

For sediments, the relative abundance of each group of ODB
was greater in samples from XIX-04 (Fig. 3a, d, g) with respect
to XIX-05 and XIX-06. The sampling station in the seep area of
Campeche Canyon (92° W/20° N), which was sampled on all
cruises, had greater abundance of the 3 groups of ODB only in
XIX-05.

The distribution of relative abundance of each group of ODB
in the water mass samples was also analyzed by scatterplot using
the ODV program, in which the results from all stations and
depths were plotted simultaneously, ranging from 0 to 1 (Fig.
4). From the fluorescent maximum to 1000 m, most values were
between 0 and 0.4, but many locations registered values of be-
tween 0.4 and 1. In water mass samples deeper than 1000 m
(NADW), most values for Alcanivorax were between 0 and
0.2, compared with 0.2 to 0.8 for Cycloclasticus and
Methanomicrobiales, showing that the latter groups predominate
in this water mass, especially for samples at 10 m above the
bottom, at depths of approximately 3000 m.

Relative abundance, expressed as percentage, is plotted in Fig.
5a–c. Alcanivorax spp. predominated at surface levels, and
Cycloclasticus spp. increased toward the deepest levels. These
results suggest that Alcanivorax and Cycloclasticus abound at
various levels of the water column compared with
Methanomicrobiales. These trends were similar for all cruises.
However, the percentages for Methanomicrobiales decreased
considerably in XIX-06.

Discussion

The ubiquity of ODB, represented in this study by the γ-
proteobacteria Alcanivorax spp. and Cycloclasticus spp. and
the Archaea order Methanomicrobiales, indicates that water
mass and sediment from the southern GoMex harbor a
community of bacteria that can act as an inoculum to respond
rapidly to an oil input. Our results show that the baseline
concentration of these ODB ranges from undetectable to 106

copies per liter in the water column and undetectable to 107

copies per kg for sediment. The concentration of ODB in the
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Fig. 2 Mean concentration of number of copies /L at each depth for
Alcanivorax, Cycloclasticus, and Methanomicrobiales. a Cruise XIX-
04. b Cruise XIX-05. c Cruise XIX-06



Fig. 3 Spatial distribution of oil-degrading bacteria. Relative abundance
in the water column and sediments for a Alcanivorax spp. XIX-04, b
Alcanivorax spp. XIX-05, c Alcanivorax spp. XIX-06, d Cycloclasticus

spp. XIX-04, e Cycloclasticus spp. XIX-05, f Cycloclasticus spp. XIX-
06, g Methanomicrobiales spp. XIX-04, h Methanomicrobiales spp.
XIX-05, and i Methanomicrobiales spp. XIX-06
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water samples was low compared with total direct cell counts of
approximately 104 cells per mL, as reported by Hazen et al.
(2010) for the northern GoMex, in water samples from 600 to
1400 m.

During the Deepwater Horizon (DWH) blowout, Hazen et al.
(2010) recorded an increase inγ-proteobacteria and hydrocarbon
biodegradation rates at 5 °C, faster than expected, at the hydro-
carbon plume between 1099 and 1219 m. Genomic studies per-
formed by this group have indicated that plume samples have
greater cell densities but lower diversity, predominated by γ-
proteobacteria of the order Oceanospirillales. Camilli et al.
(2010) reported higher methane and aromatic hydrocarbon
concentration at depths at which the oil plume resided;
thus, these hydrocarbons were the main available carbon
source for the γ-proteobacteria that were detected.

By 16S rRNA and pyrosequencing analysis, Yang et al.
(2016) monitored the succession of microbial communities

before, during, and after the DWH blowout. They found that
the pre-spill baseline community composition comprised pri-
marily the γ-proteobacteria families Oceanospirillales and
Alteromonadales. Samples in the oil plume during the spill
were predominated by the so-called DWH Oceanospirillales
cluster, which includes the genera Cycloclasticus and
Colwellia. These genera were also detected 5 days after the
spill and became dominant in the oil plume 2 weeks later
(Redmond and Valentine 2012). Post-spill water column sam-
ples that were collected after 4 months from where the oil
plume was located contained detectable but low levels of
DWH Oceanospirillales. However, alkane degraders, such
as Alcanivorax, remained detectable at a rate of < 1%, and
PAH degraders, such as Cycloclasticus, were identified at
rates of 5%, based on pyrosequencing reads in the water col-
umn samples, potentially representing the baseline ODB of
the area (Yang et al. 2016).
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Fig. 4 Scatterplot of oil-degrading bacteria. Relative abundance in the water column for XIX-04, XIX-05, and XIX-06. a Alcanivorax spp. b
Cycloclasticus spp. c Methanomicrobiales spp.



The greater relative abundance of the ODB from 250 to
1000mmight be related to marine snow, which in GoMex could
becomemarine oil snow, an event that occurred during theDWH
oil spill. Marine snow aggregates (> 0.5 mm) that resulted from
zooplankton activity in surface waters and sinking to deepwaters
have been considered to be a hot spot for microbial communities
and an important event for oil sedimentation in the GoMex (Joye
et al. 2016). From the surface water to deep water, the density
increased constantly in the GoMex (Ochoa, CICESE personal
communication), a variable that could slow the sedimentation of
seep oil snow aggregates at greater depths—a hypothesis that
could explain the peak relative abundance of the ODB, as detect-
ed by qPCR, from 250 to 1000 m on all XIXIMI cruises.

The distribution of ODB groups could also be attribut-
ed to the concentration of aliphatic or aromatic hydrocar-
bons in the water column. Alcanivorax spp., the levels of
which were higher from 250 to 1000 m, might have been
associated with alkane concentration, which migrates to
surface waters. Camilli et al. (2012) reported that C 2+,
C 3+, and C 4+ aliphatic hydrocarbons peaked in concen-
tration at surface waters during the DWH spill. Aromatic
hydrocarbons that are oxidized by Cycloclasticus tend to
be more abundant in deep waters, as reported during the
DWH blowout (Camilli et al. 2012); this cold-tolerant
genus also has the advantage of being able to grow at
temperatures between 4 and 20 °C (Coulon et al. 2007).
These characteristics could explain the tendency of
Cycloclasticus to predominate at depths of greater than
1000 m in the GoMex.

I t i s d i f f i c u l t t o e x p l a i n t h e p r e s e n c e o f
Methanomicrobiales in the water column in the GoMex sam-
ples, because these bacteria require anaerobic conditions to
metabolize organic compounds to methane. Rakowski et al.
(2015) reported that the methane in the aphotic zone of the
GoMex originated from methane seeps but that the source of
supersaturated concentrations of methane, relative to the at-
mosphere, in the photic zone (0–200m), primarily in the deep-
chlorophyll maximum (± 83 m), is unknown. Grossart et al.
(2011) indicated that despite the accepted paradigm that
methanogenesis takes place in anoxic environments, “meth-
ane production could and did occur” in well-oxygenated water
masses. This phenomenon is important for the GoMex, where
the oxygen concentration is between 2.5 and 5 ml/L (Rivas
et al. 2005), with higher values toward deep waters, where the
abundance of Methanomicrobiales is greater.

Conclusion

The presence of ODB throughout the water column in the
southern GoMex, from near-surface to near-seafloor waters,
including sediments, indicates that this area could react quick-
ly to an accidental oil spill by increasing the concentration of
ODB in the plume of spilled oil, as observed during the 2010
New Horizon blowout (Hazen et al. 2010). Therefore, the
existing data suggest that the GoMex harbors ODB that could
respond to a massive oil input and that low temperatures
(4 °C) or oxygen concentrations in deep waters 1000 m) are
not limiting factors. Nevertheless, nutrient concentrations and
the use of chemical oil dispersants remain to be evaluated in a
massive oil spill.
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Fig. 5 Percentage of the three groups of ODB at select water depths for
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35138 Environ Sci Pollut Res (2019) 26:35131–35139



Complementary funds were provided by CICESE, internal project
682110. The technical assistance of Edna Sánchez Castrejón, Gabriela
Irene Carballo López, Marine Biotechnology Laboratory, CICESE, is
deeply appreciated.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Camilli R, Reddy CM, Yoerger DR, VanMooy BAS, JakubaMB, Kinsey
JC, McIntyre CP, Sylva SP, Maloney JV (2010) Tracking hydrocar-
bon plume Deepwater Horizon. Sci 330(6001):201–204

Camilli R, Di Lorio D, Bowen A, Reddy CM et al (2012) Acoustic
measurement of the Deepwater Horizon Macondo well flow rate.
PNAS 109:20235–20239.

Coulon F, McKew BA, Osborn AM, McGenity TJ, Timmis KN (2007)
Effects of temperature and biostimulation on oil-degrading microbi-
al communities in temperate estuarine waters. Environ Microbiol 9:
177–186

Dyksterhouse SE, Gray JP, Herwig RP, Lara JC, Staley JT (1995)
Cycloclasticus pugetii gen. nov., sp. nov., an aromatic
hydrocarbon-degrading bacterium from marine sediments. Int J
Syst Bacteriol 45:116–123

Geiselbrecht AD, Hedlund BP, Tichi MA, Staley JT (1998) Isolation of
marine polycyclic aromatic hydrocarbon (PAH)-degrading
Cycloclasticus strains from the Gulf of Mexico and comparison of
their PAH degradation ability with that of Puget sound
Cycloclasticus strains. Appl Environ Microbiol 64(12):4703–4710

Grossart HP, Frindte K, Dziallas C, EckertW, Tang KW (2011)Microbial
methane production in oxygenated water column of an oligotrophic
lake. PNAS 108(49):19657–19661

Gutierrez T, Biddle JF, Teske A, Aitken MD (2015) Cultivation depen-
dent and cultivation independent characterization of hydrocarbon-
degrading bacteria in Guaymas Basin sediments. Front Microbiol 6:
695. https://doi.org/10.3389/fmicb.2015.00695

Hazen TC, Dubinsky EA, DeSantis TZ, Andersen GL, PicenoYM, Singh
N et al (2010) Deep-sea oil plume enriches indigenous oil-degrading
bacteria. Sci 330(6001):204–208

Head IM, Jones DM, Röling WF (2006) Marine microorganisms make a
meal of oil. Nat Rev Microbiol 4(3):173–182

Joye SB (2015) Deepwater Horizon, 5 years on. Sci 349(6248):592–593
Joye SB, Teske AP, Kostka JE (2014) Microbial dynamics following the

Macondo oil well blowout across Gulf of Mexico environments.
Bioscience 64(9):766–777

Joye SB, Bracco A, Özgökmen TM et al (2016) The Gulf of Mexico
ecosystem, six years after the Macondo oil well blowout. Deep
Sea Res Part 2(129):4–19

Kleindienst S, Grim S, Sogin M, Bracco A, Crespo-Medina M, Joye SB
(2016) Diverse, rare microbial taxa responded to the Deepwater
Horizon deep-sea hydrocarbon plume. ISME J 10:400–415

Kostka JE, Prakash O, Overholt WA, Green SJ, Freyer G, Canion A,
Delgardio J, Norton N, Hazen TC, Huettel M (2011)
Hydrocarbon-degrading bacteria and the bacterial community re-
sponse in Gulf of Mexico beach sands impacted by the Deepwater
Horizon oil spill. Appl Environ Microbiol 77(22):7962–7974.
https://doi.org/10.1128/AEM.05402-11

Lizárraga-Partida ML (1996) Oil microbiology in the south of gulf of
Mexico In: Botello AV, Rosas-Galaviz JL, Benitez JA, Zárate-
Lomelí D (eds) Gulf of Mexico, Pollution and environmental im-
pact: diagnostic and trends, 1st edn. Serie Científica 5 Universidad
Autónoma de Campeche. EPOMEX pp 265-278 (in Spanish)

Maruyama, A., Ishiwata, H., Kitmmura, K., Sunamura, M., Fujita, T.,
Matsuo, M., and Higashihara, T (2003) Dynam- ics of microbial
populations and strong selection for Cyclo- clasticus pugetii follow-
ing the Nakhodka oil spill. Microb Ecol 46: 442–453.

Pratt JA, Priest T, Castaneda CJ (1997) Offshore pioneers: Brown&Root
and the history of offshore oil and gas. Gulf Pub.Co, Houston-Texas

Rakowski CV, Magen C, Bosman S, Rogers KL, Gillies LE, Chanton JP,
Mason OU (2015) Methane and microbial dynamics in the Gulf of
Mexico water column. Front Mar Sci 2:69. https://doi.org/10.3389/
fmars.2015.00069

Redmond MC, Valentine DL (2012) Natural gas and temperature struc-
tured a microbial community response to the Deepwater Horizon oil
spill. PNAS 109(50):20292–20297. https://doi.org/10.1073/pnas.
1108756108

Rivas D, Badan A, Ochoa J (2005) The ventilation of the Deep Gulf of
Mexico. J Phys Oceanogr 35:1763–1781

Schlitzer R (2017) Ocean data view, https://odv.awi.de
Smith CB, Tolar B, Hollibaugh JT, King GM (2013) Alkane hydroxylase

gene (alkB) phylotype composition and diversity in northern Gulf of
Mexico bacterioplankton. Front Microbiol 4:370. https://doi.org/10.
3389/fmicb.2013.00370

Soto LA, Botello AV, Licea-Durán S, Lizárraga-Partida ML, Yáñez-
Arancibia A (2014) The environmental legacy of the Ixtoc-I oil spill
in Campeche Sound, southwestern Gulf ofMexico. Front Mar Sci 1:
57. https://doi.org/10.3389/fmars.2014.00057

Teramoto M, Suzuki M, Okazaki F, Hatmanti A, Harayama S (2009)
Oceanobacter-related bacteria are important for the degradation of
petroleum aliphatic hydro-carbons in the tropical marine environ-
ment. Microbiology 155:3362–3370

U.S. Energy Information Administration (2018) U.S. Gulf of Mexico
crude oil production to continue at record highs through 2019,
Washington, DC, ht tps:/ /www.eia.gov/ todayinenergy/
detail.php?id = 35732. Accesed 16 May 2018

Vila J, Nieto JM, Mertens J, Springael D, Grifoll M (2010) Microbial
community structure of a heavy fuel oil-degrading marine consor-
tium: linking microbial dynamics with polycyclic aromatic hydro-
carbon utilization. FEMS Microbiol Ecol 73:349–362

Yang T, Speare K, McKay L, MacGregor BJ, Joye SB, Teske A (2016)
Distinct bacterial communities in surficial seafloor sediments fol-
lowing the 2010 Deepwater Horizon blowout. Front Microbiol 7:
1384

Yergeau E, Maynard C, Sanschagrin S, Champagne J, Juck D, Lee K,
Greer CW (2015) Microbial community composition, functions,
and activities in the Gulf of Mexico 1 year after the Deepwater
Horizon accident. Appl Environ Microbiol 81:5855–5866. https://
doi.org/10.1128/AEM.01470-15

Yu Y, Lee C, Kim J, Hwang S (2005) Group-specific primer and probe
sets to detect methanogenic communities using quantitative real-
timer polymerase chain reaction. Biotechnol Bioeng 89(6):670–
679. https://doi.org/10.1002/bit.20347

Zhou L, Li KP, Mbadinga SM, Yang SZ, Gu JD,Mu BZ (2012) Analyses
of n-alkanes degrading community dynamics of a high-temperature
methanogenic consortium enriched from production water of a pe-
troleum reservoir by a combination of molecular techniques.
Ecotoxicology 21:1680-1691

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Environ Sci Pollut Res (2019) 26:35131–35139 35139

https://doi.org/10.3389/fmicb.2015.00695
https://doi.org/10.1128/AEM.05402-11
https://doi.org/10.3389/fmars.2015.00069
https://doi.org/10.3389/fmars.2015.00069
https://doi.org/10.1073/pnas.1108756108
https://doi.org/10.1073/pnas.1108756108
https://odv.awi.de
https://doi.org/10.3389/fmicb.2013.00370
https://doi.org/10.3389/fmicb.2013.00370
https://doi.org/10.3389/fmars.2014.00057
https://doi.org/10.1128/AEM.01470-15
https://doi.org/10.1128/AEM.01470-15
https://doi.org/10.1002/bit.20347

	Detection...
	Abstract
	Introduction
	Materials and methods
	Sample collection
	DNA extraction
	Primer selection
	Construction standard curve
	Quantification by qPCR

	Results
	Discussion
	Conclusion
	References


