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Influence of oil, dispersant, and 
pressure on microbial communities 
from the Gulf of Mexico
Nuttapol noirungsee, Steffen Hackbusch, Juan Viamonte, Paul Bubenheim, Andreas Liese & 
Rudolf Müller✉

The Deepwater Horizon incident in the Gulf of Mexico in 2010 released an unprecedented amount of 
petroleum hydrocarbons 1500 meters below the sea surface. Few studies have considered the influence 
of hydrostatic pressure on bacterial community development and activity during such spills. The goal 
of this study was to investigate the response of indigenous sediment microbial communities to the 
combination of increased pressure, hydrocarbons and dispersant. Deep-sea sediment samples collected 
from the northern Gulf of Mexico were incubated at atmospheric pressure (0.1 MPa) and at elevated 
pressure (10 MPa), with and without the addition of crude oil and dispersant. After incubations at 4 °C 
for 7 days, Colwellia and Psychrobium were highly abundant in all samples. Pressure differentially 
impacted members of the Alteromonadales. The influences of pressure on the composition of bacterial 
communities were most pronounced when dispersant was added to the incubations. Moritella and 
Thalassotalea were greatly stimulated by the addition of dispersant, suggesting their roles in dispersant 
biodegradation. However, Moritella was negatively impacted by increasing pressure. The presence 
of dispersant was shown to decrease the relative abundance of a known hydrocarbon degrader, 
Cycloclasticus, while increasing pressure increased its relative abundance. This study highlights the 
significant influence of pressure on the development of microbial communities in the presence of oil and 
dispersant during oil spills and related response strategies in the deep sea.

The explosion of the Deepwater Horizon (DWH) oil drilling platform in 2010 led to the release of 700,000 metric 
tons of crude oil into the Gulf of Mexico at the water depth of 1500 m1,2. The subsurface release of oil formed 
a persistent plume spanning 1000 and 1200 m depth3,4 and analysis of deep sediment cores collected near the 
blowout location shortly after the spill indicated that some of this oil was ultimately deposited on the sea floor5,6. 
The deposition of these hydrocarbons were from marine oil snow sedimentation and flocculent accumulation 
(MOSSFA) events, where crude oil compounds were attached to sinking of particles7, and from the direct contact 
of the deep plume with the continental shelf, referred to as the bathtub-ring hypothesis6. Unlike the archaeal 
community, the bacterial community exhibited a measured response to the massive input of hydrocarbons from 
the DWH event8. Marine oil-degrading bacteria responded with increased abundances in the presence of crude 
oil. Half-lives of dispersed oil in aerobic marine waters varied from days to months and were influenced by vari-
ous factors including pre-adaptation of microbial communities to hydrocarbons and the availability of nutrients 
essential for microbial growth and biodegradation (nitrogen, phosphorous, or iron)9. It is estimated that the 
portion of oil degraded by the bacterial community was as high as 61%5. A number of studies investigated the 
successions of the bacterial community compositions in the water column and in the sediments10–13 and found 
that these successions were driven by the hydrocarbons input from the DWH spill10,12,14.

One of the response strategies employed during the spill was the subsea application of dispersant, 
Corexit EC9500A, which was directly injected at the wellhead during the spill1. The effectiveness of disper-
sant on marine oil biodegradation is a subject of debate15,16. One study suggested that dispersant inhibited 
hydrocarbon-degrading Marinobacter, but stimulated dispersant-degrading Colwellia16. A similar study sug-
gested that dispersant enhanced oil biodegradation15.

The deep sea is a unique environment, where the hydrostatic pressure increases linearly with depth (1 MPa 
per 100 m). Previous studies on the influence of pressure on oil biodegradation17–20, showed that pressure as low 
as 5 MPa impaired growth and activity of hydrocarbon-degrading Alcanivorax borkumensis18 and the growth of 
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naphthalene degrading Sphingobium yanoikuyae was inhibited at 8.8 MPa21. A recent study demonstrated a 4% 
decrease in n-alkane biodegradation for every 1 MPa increase in hydrostatic pressure22. In general, investigations 
on the impact of dispersant on hydrocarbon biodegradation were performed at ambient pressures, overlooking 
the effect of pressure15,23–27. More recently, growth of Rhodococcus isolated from deep-sea sediment has been 
shown to be impaired in the presence of dispersant at 15 MPa28. However, biodegradation studies with crude oil 
and dispersants at increased pressures have not yet been conducted on benthic bacterial communities. In order to 
understand how each of these factors influenced deep-sea bacterial communities, investigations under controlled 
ex-situ conditions were conducted. Here we report how the interactions between crude oil, pressure, and disper-
sant application changed deep benthic microbial communities around the DWH region.

Results
Analysis of microbial diversity. Alpha diversity. The alpha diversity was determined for each treatment 
and pressure scenario before and after incubation. After 7 days of incubation for all treatments and pressures, 
there was a decline in alpha diversity (Fig. 1). The control, without addition of oil or dispersant at ambient pres-
sure, lost more than half of the diversity after incubation. Pressure did not affect the alpha diversity of con-
trol groups (no oil or dispersant added). The number of observed species, the Shannon diversity index and the 
Simpson diversity index of the control group were not significantly different at 0.1 MPa and 10 MPa (Fig. 1). The 
addition of oil and/or dispersant led to decreases in alpha diversities at both 0.1 MPa and 10 MPa. Observed 
numbers of species in the incubation with dispersant were lower at 10 MPa than at 0.1 MPa. Alpha diversities of 
the sediment communities treated with oil at 0.1 MPa were significantly different from those at 10 MPa. Observed 
numbers of species, Simpson indices, and Shannon indices of 10 MPa incubations were lower than those of 
0.1 MPa incubations (Fig. 1). Although the observed species of the communities incubated with oil and disper-
sant at 0.1 MPa and 10 MPa were not different, the presence of oil consistently resulted in statistically significant 
decreases in alpha diversity when the communities incubated at 0.1 MPa and 10 MPa were compared.

Beta diversity. The incubation of sediment slurries without the addition of oil or dispersant for 7 days caused 
significant shifts of microbial compositions at 0.1 MPa (p = 0.017, R2 = 0.77, PERMANOVA, N = 9) and at 
10 MPa (p = 0.012, R2 = 0.7513, PERMANOVA, N = 8) compared to the initial communities, reflecting a shift of 
microbial communities influenced by incubation conditions. The microbial communities of the control groups 
incubated at 0.1 MPa were different from those incubated at 10 MPa (p = 0.002, R2 = 0,285., PERMANOVA, 
N = 11) (Fig. 2). The sediment community composition was changed by the presence of oil (p = 0.001, R2 = 0.118, 
PERMANOVA, N = 43), dispersant (p = 0.001, R2 = 0.370, PERMANOVA, N = 43) and pressure (p = 0.001, 
R2 = 0.131, PERMANOVA, N = 43). Hydrostatic pressure exerted a higher influence on microbial communities 
when oil and/or dispersant were added into the incubation (Table 1). Principal Coordinate Analysis (PCoA) using 
a Bray-Curtis distance showed the effect of treatment and pressure on microbial community dynamics (Fig. 3).

Microbial community structure changes in response to pressure. The phylum Proteobacteria increased in relative 
abundance in controls and all treatments after the incubation. Planctomycetes was present in all treatments with a 
maximum contribution of 2.5% of the total number. Bacteroidetes, Acidobacteria and Chloroflexi contributed to 
less than 0.1% of the population in all treatments after incubation. Gammaproteobacteria was the dominant class 
of Proteobacteria comprising more than 90% of the community in controls and in all treatments after incubation 
(Supplementary Fig. S2). Among the Gammaproteobacteria, Alteromonadales and Oceanospirillales were the 

Figure 1. Alpha diversity. Observed species, Shannon and Simpson diversity results are grouped by treatment. 
T0 (initial community) are colored in purple, Control group (no oil or dispersant added) are colored in 
red, Incubations with oil are colored in blue, Incubations with dispersant and oil are colored in green, and 
incubations with dispersant are colored in yellow.Incubations at 10 MPa are represented by triangles, at 0.1 MPa 
are represented by circles. Wilcoxon rank sum test: *(p < 0.05) **(p < 0.01).
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Figure 2. Principal Coordinate Analysis (PCoA) of Bray-Curtis dissimilarities between the initial communities 
before incubation and controls without addition of oil or dispersant after incubation for 7 days. Initial 
community pressures are represented by squares. Incubations at 10 MPa are represented by triangles, at 0.1 MPa 
are represented by circles.

Comparison (0.1 MPa and 10 MPa)

Treatment R2 p-value

Control 0.28552 0.002

Dispersant 0.66594 0.002

Dispersant-Oil 0.48354 0.006

Oil 0.38667 0.004

Table 1. Pair-wise PERMANOVA of Bray-Curtis distances. Communities after incubation of sediment in 
different treatments at 0.1 MPa were compared to those at 10 MPa. Statistical analysis was performed on Bray-
Curtis distances with permutational multivariate analysis of variances (PERMANOVA) with 999 permutations.

Figure 3. Comparison of microbial community structures. Principal Coordinate Analysis (PCoA) of 16S rRNA 
gene sequences using Bray-Curtis distance grouped by treatment. Control group (no oil or dispersant added) 
are colored in red, Incubations with oil are colored in blue, Incubations with dispersant and oil are colored in 
green, and incubations with dispersant are colored in yellow. Incubations at 10 MPa are represented by triangles, 
at 0.1 MPa are represented by circles.

https://doi.org/10.1038/s41598-020-63190-6


4Scientific RepoRtS |         (2020) 10:7079  | https://doi.org/10.1038/s41598-020-63190-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

most abundant bacterial orders. Colwelliaceae and Shewanellaceae were the two major families detected in all 
incubations (Fig. 4).

Pressure differentially affected bacterial taxa across taxonomic groups. Sequences related to the genus 
Moritella (Moritellaceae) responded negatively to pressure in the presence of dispersant. In the control and 
oil-treated groups, Moritella’s relative abundances reached up to 3.5% and 3.9% at 0.1 MPa, and 0.5% and 0.7% at 
10 MPa, respectively. In dispersant-treated incubations, sequences related to the genus Moritella were more abun-
dant at 0.1 MPa (19.0–28.9%) than at 10 MPa (3.7–10.2%). In the presence of both oil and dispersant, the genus’s 
relative abundance was also higher at 0.1 MPa (3.0–24.0%) than at 10 MPa (0.1–4.2%) (Fig. 5A).

Thalassotalea did not exhibit a significant response to pressure application with a dispersant-only treatment. 
The relative abundances were 6.4–11.0% at 0.1 MPa, and 6.2–8.1% at 10 MPa. However, Thalassotalea did respond 
to an increase in pressure when both oil and dispersant were present, in which the relative abundances were 
higher at 0.1 MPa (8.0–13.0%) than at 10 MPa (1.3–5.6%) (Fig. 5B), showing a decrease with increasing pressure.

Sequences belonging to the genus Cycloclasticus (Cycloclasticaceae) showed an increase in relative abundance 
with an increase in pressure to 10 MPa in all treatments. In the control groups, the maximum relative abun-
dance at 10 MPa was three times of that at 0.1 MPa. In the oil-only treatment, the maximum relative abundance 
at 10 MPa was approximately double that at 0.1 MPa (1.1% at 10 MPa and 0.6% at 0.1 MPa). However, in the 
dispersant-only treatment, the maximum relative abundances of Cycloclasticus were 0.3% at 10 MPa and 0.07% 
at 0.1 MPa. However, in the presence of both oil and dispersant, the maximum relative abundance were 0.7% at 
10 MPa and 0.17% at 0.1 MPa (Fig. 5C).

Differential abundance analysis. The control incubations at both 0.1 MPa and 10 MPa were dominated by the 
genera Colwellia (Colwelliaceae) and Psychrobium (Shewanellaceae). In order to identify the amplicon sequence 
variants (ASVs) that responded solely to pressure, differential abundance analysis was performed. This analy-
sis resulted in 7 ASVs were differentially abundant at 10 MPa; 3 of which belonged to the genus Motiliproteus 
(Nitrincolaceae, Oceanospirillales). The other 4 ASVs were classified as uncultured Rhodobacteraceae 
(Rhodobacterales), Psychrobium (Shewanellaceae), Colwellia (Colwelliaceae), and Cycloclasticus 
(Cycloclasticaceae). Comparisons between the control incubations at 10 MPa and the oil incubations at 10 MPa 
were conducted in order to identify changes that were due to hydrocarbon addition at high pressure. Five ASVs, 
which were differentially abundant in incubation with oil at 10 MPa, belonged to the genus Psychrobium. There 
were 2 Colwellia ASVs and 1 Thalassotalea ASV that increased in abundance due to oil addition at 10 MPa.

The ASVs that were higher in abundance in the treated groups were classified as treatment responders. 
Subsequently, all of the treatment responders were subjected to Venn diagram analysis (Supplementary Fig. S1). 
In order to identify the ASVs that responded to oil and dispersant at 0.1 and 10 MPa, the microbial communities 
of treatment groups were first compared to control groups at 0.1 MPa or 10 MPa to identify those ASVs that did 
not respond specifically to the treatment. Those ASVs that were upregulated by oil were classified as oil respond-
ers. The oil responders dominantly consisted of the genus Psychrobium at both 0.1 MPa and 10 MPa pressure sce-
narios. Three ASVs of Psychrobium were enriched by oil at 10 MPa. The dispersant responders were more diverse, 
including members of Alteromonadales (Moritella, Colwellia, Thalassotalea, Psychrobium, and Alkalimarinus), 
Oceanospirillales (Endozoicomonas, Cobetia, and Motiliproteus), and Rhodobacterales (Roseobacter). A number 
of ASVs belonging to the genera Psychrobium, Colwellia, Moritella, Alkalimarinus, Cobetia, and Motiliproteus were 
found to be enriched by dispersant at 0.1 MPa, while the genera Thalassotalea, Endozoicomonas, and Roseobacter 
were enriched by dispersant at higher pressures of 10 MPa. The ASVs that were exclusively enriched in the oil plus 

Figure 4. Relative abundance plots showing the response of the microbial community to different treatments 
and pressures. Treatments were Control (no dispersant or oil addition), Dispersant (dispersant only added), 
Dispersant-Oil (dispersant and oil added), and Oil (oil added). Taxa shown were grouped at genus level. Each 
single bar represents one biological replicate.
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dispersant treatment were categorized as “dispersed oil” responders. They contained mostly sequences related to 
the order Oceanospirillales including Cobetia, Amphritea and Motiliproteus. However, there was no sequence that 
was specifically enriched by dispersed oil at 10 MPa (Supplementary Table S1).

Discussion
In this study, microbial communities incubated with dispersant and/or crude oil at two different pressures, 
0.1 MPa and 10 MPa, exhibited different responses, suggesting that pressure influenced the succession of micro-
bial communities. The effect of pressure was more conspicuous in the presence of external substrates (dispersant 
and crude oil) suggesting that hydrostatic pressure is an important parameter that influences how microbial 
communities respond to an oil spill.

The increase in the relative abundance of Colwellia and Psychrobium in all treatments, including the control, 
(Figs. 1 and 3) suggested that these genera favored the incubation conditions and were able to thrive on the 
dissolved organic material that was present in the sample without an additional hydrocarbon source. The mem-
bers of Alteromonadales, including Colwellia and Psychrobium, have previously been shown to be enriched in 
unamended long-term incubations at high pressure and low temperature29, and an addition of dissolved organic 
material could increase growth of Colwellia and Psychrobium30.

We used differential abundance analysis to detect variants that responded specifically to crude oil or disper-
sant. The results showed that 6 ASVs belonging to the genus Colwellia were dispersant responders at 0.1 MPa. The 
role of Colwellia in the pelagic community has been studied extensively, and it has been suggested that Colwellia 
increased in abundance in response to the spill10,31. Subsequent microcosm studies involving the addition of 
dispersant in seawater showed an increase in the abundance of Colwellia, indicating that Colwellia is a dispersant 
degrader16. Researchers have been able to isolate Colwellia from the water column in the deep sea, and have 
shown that the organism is capable of oil and dispersant degradation24,25. While there have been studies showing 

Figure 5. Relative abundance plots showing the response of microbial genera to different treatments and 
pressures. (A) Moritella (B) Thalassotalea (C) Cycloclasticus. Treatments were Control (no dispersant or oil 
addition), Dispersant (dispersant only added), Dispersant-Oil (dispersant and oil added), and Oil (oil added). 
Taxa shown were grouped at genus level. Each single bar represents one biological replicate. Different colors in 
each genus represent different ASVs belonging to the genus.

https://doi.org/10.1038/s41598-020-63190-6
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the dominance of Colwellia in incubations of deep-sea sediments from Faroe-Shetland Channel with oil26, much 
less is known about their role in deep benthic communities than in the water column. The 16S rRNA gene data 
indicated that the most heavily oiled sediments were enriched in a Colwellia species, which was closely related 
to a Colwellia clone from the DWH deep-sea plume32. Our study suggests that benthic Colwellia plays a role in 
dispersant degradation.

In this study, ASVs of the genus Psychrobium was enriched at both ambient and higher pressures with the 
addition of oil, and thus, has been defined as an oil responder. The variant that responded to oil at 10 MPa shared 
99.07% of sequence identity to an uncultured bacterial clone found in oil-impacted surficial sediment at approx-
imately 1500 meters depth from the Gulf of Mexico33. Members of Shewanellaceae have been shown to be pie-
zophilic34 and hydrocarbonoclastic35. However, the genus Psychrobium has not previously been linked to oil 
degradation. Detailed physiological studies on the preferred hydrocarbons substrates and the biodegradation 
performance under pressure, of Psychrobium could further the understanding on the fate of deposited hydrocar-
bons in the deep biosphere.

The genus Moritella has been identified as a petroleum hydrocarbons degrader in previous studies26,36,37 and 
to increase in relative abundance in response to naphthalene in a seawater microcosm study36. In studies using 
deep-sea sediments, the genus Moritella was enriched in the incubations with hydrocarbons mixture contain-
ing napththalene and Superdispersant-2526,37. In this study, the dispersant-only treatment, using Corexit 9500 A, 
strongly promoted Moritella. This suggested that Moritella played a role in the degradation of the dispersant 
components. Interestingly, several Moritella species have been classified as piezophiles, and have optimal growth 
pressures above 20 MPa38,39, but the relative abundance of Moritella was consistently lower at 10 MPa than at 
0.1 MPa. This reflects the impact of pressure on dispersant biodegradation and may explain a why the degradation 
of the dispersant slowed down at plume depth after the oil spill40.

In addition to Moritella, Thalassotalea also increased in relative abundance in incubations with dispersant. 
Thalassotalea has been isolated from deep marine environments and is able to grow in the presence oil41,42. The 
major ASV in this study had 99.77% identity to a sequence of a clone found in oil-impacted sediments at the 
depth of about 1500 m sampled in September 2010 in the Gulf of Mexico33. This study is the first to show that 
Thalassotalea may participate in dispersant degradation. Intriguingly, pressure did not exert as strong an effect 
on Thalassotalea as on Moritella. The differential effects of pressure on two prominent dispersant responders 
suggests a different ecophysiology of the two genera. It has been previously reported that the addition of Corexit 
9500 increased the number of heterotrophic bacteria in the marine microbial consortium43, but the identities of 
the heterotrophs were not elucidated. Our study demonstrated that Moritella and Thalassotalea were stimulated 
by Corexit 9500 A. Thus, Moritella and Thalassotalea could serve as microbial markers of dispersant application 
in deep-sea sediment communities.

Cycloclasticus is a known obligate aromatic hydrocarbon degrader44. The major ASV of Cycloclasticus in this 
study had 97.89% identity to a clone detected in oil-impacted surficial sediment at 1560 m depth of the gulf of 
Mexico33. Consistently higher relative abundance at 10 MPa of Cycloclasticus across all treatments suggested that 
this ASV might be a piezophilic hydrocarbon degrader. Furthermore, this ASV was completely absent in the 
presence of dispersant at 0.1 MPa (Fig. 5C). Our results suggest that the addition of dispersant may inhibit hydro-
carbon degraders growth, as it has been reported for Marinobacter16. In contrast to the previous study showing 
that dispersant exacerbated the inhibitory effect of dispersant on hydrocarbon degrading Rhodococcus28, pressure 
attenuated the negative impact of dispersant on piezophilic Cycloclasticus. This emphasized the pivotal role of 
hydrostatic pressure as an important factor controlling the fate of oil in the deep sea.

Conclusion
It is shown that pressure has a significant influence on microbial communities in deep-sea sediments with the 
addition of oil and dispersant. Hydrostatic pressure differentially impacted microorganisms across different 
microbial taxa responding to different substrates. Pressure negatively impacted Moritella, which responded to 
dispersant. The slow rate of dispersant biodegradation in the deepwater40 and the persistence of the dispersant in 
the environment45 might be explained by the evidence that dispersant degraders are inhibited at high hydrostatic 
pressure. Therefore, in determining the ultimate fate of the dispersant that is applied in the deep biosphere, the 
increased pressure and its impact on biodegradation must be considered among the most important environmen-
tal factors. Dispersant has been shown to have an inhibitory effect on hydrocarbon degraders16,28. The persistence 
of dispersant due to hydrostatic pressure could further limit oil biodegradation. Therefore, understanding the 
interplay between high pressure, dispersant, and oil biodegradation, is critical to assess the overall effectiveness 
and impacts of subsea dispersant application.

Methods
Sediment collection and incubation conditions. Sediments were collected during a research cruise on 
the RV WeatherBird II operated by the Florida Institute of Oceanography in August 2016. The 5 sediment coring 
sites were DWH01 at 1580 m depth, PCB06 at 1043 m depth, DSH08 1123 m depth, DSH10 1490 m depth, and 
SW01 at 1138 m depth (Supplementary Table S2). The sediment and water samples were stored and shipped to 
Hamburg University of Technology at 4 °C and atmospheric pressure. Equal wet weights of surficial sediments 
(0–1 cm) from 5 sites were pooled in a sterile container. Bottom water from 3 sites (DWH01, DSH10, and SW01) 
were filtered through 0.22 µm filter (Corning, USA) and added to the pooled sediments to make a sediment slurry 
of 50 mg of sediment per ml. Incubations containing only 5 ml of the slurry served as controls. Experimental 
treatments included the addition of the following added in sterile 10 ml glass vials: (1) 50 µl of autoclaved light 
Louisiana sweet crude oil, (2) 2 µl dispersant (Corexit 9500 A, Nalco Chemical company), or (3) oil and dispersant 
(1:25 volumetric ratio of dispersant to oil). Treatments and controls were run in 6 replicates. The incubations were 
conducted at atmospheric pressure (0.1 MPa) and elevated pressure (10 MPa). The 10 MPa pressure treatment is 
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comparable to the pressure where the subsea plume deposited hydrocarbons during the Deepwater Horizon spill6. 
Pressure of 10 MPa was achieved by continuously pressurizing with nitrogen gas into the headspace containing 
atmospheric air in order to keep the aerobic condition as previously described21,22. The slurries were incubated at 
4 °C with stirring at 200 rpm by means of a magnetic stirring bar for 7 days.

DNA extraction and 16S rRNA amplicon sequencing. Total DNA was extracted from 2 ml of sed-
iment slurry with PowerSoil DNA Isolation Kit (QIAGEN, Germany) according to manufacturer’s protocol. 
Paired ended amplicon sequencing of V3 and V4 variable regions of the 16S rRNA gene was performed at LGC 
Genomics (Germany) facility on the Illumina MiSeq platform using 341 F (CCTACGGGNGGCWGCAG)46 and 
785 R (GACTACHVGGGTATCTAAKCC)47 primers. The resulting sequences were truncated, quality-filtered, 
denoised, chimera-filtered and merged with DADA248 as implemented in QIIME2 (2018.4 Release)49. The tax-
onomy was assigned to ASVs with the naive-Bayes classifier50. The classifier was trained with SILVA132 released 
database51 trimmed to V3-V4 region52,53.

Statistical analysis. The resulting sequences were exported into and further processed in the Phyloseq 
package54 in R55. The samples were rarefied to even sequence depth across samples to a minimum number where 
the rarefaction curves were constant (8181 sequences per sample). The sequence abundances were transformed 
into relative abundances by dividing by total reads. The relative abundances were plotted with ggplot256. The 
statistical analyses of alpha diversity and beta diversity were calculated using Phyloseq. The differences between 
the communities was determined using the function adonis in the package Vegan57. The permutational multi-
variate analysis of variance (PERMANOVA) using Bray-Curtis matrix were carried out with 999 permutations. 
Differential abundant taxa between pressures were analyzed using Calour with nominal discrete false discovery 
rate of q < 0.158. Each treatment (oil/dispersant/both oil and dispersant) was first compared to the controls at the 
same pressure to identify ASVs that responded to the treatment. The 6 resulting groups of ASVs were subjected to 
Venn diagram analysis using InteractiVenn59 to identify the ASVs that responded to oil, dispersant, or dispersed 
oil at 0.1 MPa or at 10 MPa.

Data availability
Sequences from this study are available through the European Nucleotide Archive under project PRJEB33386 
(ERP116173).

Received: 6 July 2019; Accepted: 26 March 2020;
Published: xx xx xxxx

References
 1. Atlas, R. M. & Hazen, T. C. Oil biodegradation and bioremediation: A tale of the two worst spills in u.s. history. Environmental 

Science & Technology 45, 6709–6715, https://doi.org/10.1021/es2013227 (2011).
 2. McNutt, M. K. et al. Applications of science and engineering to quantify and control the Deepwater Horizon oil spill. Proceedings of 

the National Academy of Sciences 109, 20222–20228, https://doi.org/10.1073/pnas.1214389109 (2012).
 3. Camilli, R. et al. Tracking hydrocarbon plume transport and biodegradation at Deepwater Horizon. Science 330, 201–204, https://

doi.org/10.1126/science.1195223 (2010).
 4. Ryerson, T. B. et al. Chemical data quantifyDeepwater Horizon hydrocarbon flow rate and environmental distribution. Proceedings 

of the National Academy of Sciences 109, 20246–20253, https://doi.org/10.1073/pnas.1110564109 (2012).
 5. Joye, S. B. Deepwater Horizon, 5 years on. Science 349, 592–593, https://doi.org/10.1126/science.aab4133 (2015).
 6. Romero, I. C. et al. Hydrocarbons in deep-sea sediments following the 2010 Deepwater Horizon blowout in the northeast gulf of 

mexico. PLoS ONE 10, e0128371, https://doi.org/10.1371/journal.pone.0128371 (2015).
 7. Daly, K. L., Passow, U., Chanton, J. & Hollander, D. Assessing the impacts of oil-associated marine snow formation and 

sedimentation during and after theDeepwater Horizon oil spill. Anthropocene 13, 18–33, https://doi.org/10.1016/j.
ancene.2016.01.006 (2016).

 8. Redmond, M. C. & Valentine, D. L. Natural gas and temperature structured a microbial community response to the Deepwater 
Horizon oil spill. Proceedings of the National Academy of Sciences 109, 20292–20297, https://doi.org/10.1073/pnas.1108756108 
(2012).

 9. Hazen, T. C., Prince, R. C. & Mahmoudi, N. Marine oil biodegradation. Environmental Science & Technology 50, 2121–2129, https://
doi.org/10.1021/acs.est.5b03333 (2016).

 10. Dubinsky, E. A. et al. Succession of hydrocarbon-degrading bacteria in the aftermath of the Deepwater Horizon oil spill in the gulf of 
mexico. Environmental Science & Technology 47, 10860–10867, https://doi.org/10.1021/es401676y (2013).

 11. Kostka, J. E. et al. Hydrocarbon-degrading bacteria and the bacterial community response in gulf of mexico beach sands impacted 
by the Deepwater Horizon oil spill. Applied and Environmental Microbiology 77, 7962–7974, https://doi.org/10.1128/aem.05402-11 
(2011).

 12. Liu, Z. & Liu, J. Evaluating bacterial community structures in oil collected from the sea surface and sediment in the northern gulf of 
mexico after the Deepwater Horizon oil spill. MicrobiologyOpen 2, 492–504, https://doi.org/10.1002/mbo3.89 (2013).

 13. Crespo-Medina, M. et al. The rise and fall of methanotrophy following a deepwater oil-well blowout. Nature Geoscience 7, 423–427, 
https://doi.org/10.1038/ngeo2156 (2014).

 14. Kimes, N. E. et al. Metagenomic analysis and metabolite profiling of deep-sea sediments from the gulf of mexico following 
theDeepwater Horizon oil spill. Frontiers in Microbiology 4, https://doi.org/10.3389/fmicb.2013.00050 (2013).

 15. Techtmann, S. M. et al. Corexit 9500 enhances oil biodegradation and changes active bacterial community structure of oil-enriched 
microcosms. Applied and Environmental Microbiology 83, https://doi.org/10.1128/aem.03462-16 (2017).

 16. Kleindienst, S. et al. Chemical dispersants can suppress the activity of natural oil-degrading microorganisms. Proceedings of the 
National Academy of Sciences 112, https://doi.org/10.1073/pnas.1507380112 (2015).

 17. Margesin, R. & Schinner, F. Biodegradation and bioremediation of hydrocarbons in extreme environments. Applied Microbiology 
and Biotechnology 56, 650–663, https://doi.org/10.1007/s002530100701 (2001).

 18. Scoma, A., Barbato, M., Borin, S., Daffonchio, D. & Boon, N. An impaired metabolic response to hydrostatic pressure explains 
alcanivorax borkumensis recorded distribution in the deep marine water column. Scientific Reports 6, 31316, https://doi.
org/10.1038/srep31316 (2016).

https://doi.org/10.1038/s41598-020-63190-6
https://doi.org/10.1021/es2013227
https://doi.org/10.1073/pnas.1214389109
https://doi.org/10.1126/science.1195223
https://doi.org/10.1126/science.1195223
https://doi.org/10.1073/pnas.1110564109
https://doi.org/10.1126/science.aab4133
https://doi.org/10.1371/journal.pone.0128371
https://doi.org/10.1016/j.ancene.2016.01.006
https://doi.org/10.1016/j.ancene.2016.01.006
https://doi.org/10.1073/pnas.1108756108
https://doi.org/10.1021/acs.est.5b03333
https://doi.org/10.1021/acs.est.5b03333
https://doi.org/10.1021/es401676y
https://doi.org/10.1128/aem.05402-11
https://doi.org/10.1002/mbo3.89
https://doi.org/10.1038/ngeo2156
https://doi.org/10.3389/fmicb.2013.00050
https://doi.org/10.1128/aem.03462-16
https://doi.org/10.1073/pnas.1507380112
https://doi.org/10.1007/s002530100701
https://doi.org/10.1038/srep31316
https://doi.org/10.1038/srep31316


8Scientific RepoRtS |         (2020) 10:7079  | https://doi.org/10.1038/s41598-020-63190-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

 19. Marietou, A. et al. The effect of hydrostatic pressure on enrichments of hydrocarbon degrading microbes from the gulf of mexico 
following the Deepwater Horizon oil spill. Frontiers in Microbiology 9, https://doi.org/10.3389/fmicb.2018.00808 (2018).

 20. Prince, R. C., Nash, G. W. & Hill, S. J. The biodegradation of crude oil in the deep ocean. Marine Pollution Bulletin 111, 354–357, 
https://doi.org/10.1016/j.marpolbul.2016.06.087 (2016).

 21. Schedler, M., Hiessl, R., Valladares Juarez, A., Gust, G. & Muller, R. Effect of high pressure on hydrocarbon-degrading bacteria. AMB 
Express 4, 77 (2014).

 22. Nguyen, U. T. et al. The influence of pressure on crude oil biodegradation in shallow and deep gulf of mexico sediments. PLOS ONE 
13, e0199784, https://doi.org/10.1371/journal.pone.0199784 (2018).

 23. Overholt, W. A. et al. Hydrocarbon degrading bacteria exhibit a species specific response to dispersed oil while moderating 
ecotoxicity. Applied and Environmental Microbiology https://doi.org/10.1128/aem.02379-15 (2015).

 24. Bælum, J. et al. Deep-sea bacteria enriched by oil and dispersant from the Deepwater Horizon spill. Environmental Microbiology 14, 
2405–2416, https://doi.org/10.1111/j.1462-2920.2012.02780.x (2012).

 25. Chakraborty, R., Borglin, S. E., Dubinsky, E. A., Andersen, G. L. &Hazen, T. C. Microbial response to the mc252 oil and corexit 9500 
in the gulf of mexico. Frontiers in Microbiology 3, https://doi.org/10.3389/fmicb.2012.00357 (2012).

 26. Perez Calderon, L. J. et al. Bacterial community response in deep faroe-shetland channel sediments following hydrocarbon 
entrainment with and without dispersant addition. Frontiers in Marine Science 5, https://doi.org/10.3389/fmars.2018.00159 (2018).

 27. Bacosa, H. P. et al. Hydrocarbon degradation and response of seafloor sediment bacterial community in the northern gulf of mexico 
to light louisiana sweet crude oil. The ISME journal 12, 2532–2543, https://doi.org/10.1038/s41396-018-0190-1 (2018).

 28. Hackbusch, S. et al. Influence of pressure and dispersant on oil biodegradation by a newly isolated Rhodococcus strain from deep-sea 
sediments of the gulf of mexico. Marine Pollution Bulletin 110683, https://doi.org/10.1016/j.marpolbul.2019.110683 (2019).

 29. Peoples, L. M. et al. Microbial community diversity within sediments from two geographically separated hadal trenches. Frontiers in 
Microbiology 10, https://doi.org/10.3389/fmicb.2019.00347 (2019).

 30. Underwood, G. J. C. et al. Organic matter from arctic sea-ice loss alters bacterial community structure and function. Nature Climate 
Change 9, 170–176, https://doi.org/10.1038/s41558-018-0391-7 (2019).

 31. Valentine, D. L. et al. Propane respiration jump-starts microbial response to a deep oil spill. Science 330, 208–211, https://doi.
org/10.1126/science.1196830 (2010).

 32. Mason, O. U. et al. Metagenomics reveals sediment microbial community response to Deepwater Horizon oil spill. The ISME 
journal 8, 1464–1475, https://doi.org/10.1038/ismej.2013.254 (2014).

 33. Yang, T. et al. Distinct bacterial communities in surficial seafloor sediments following the 2010 Deepwater Horizon blowout. 
Frontiers in Microbiology 7, https://doi.org/10.3389/fmicb.2016.01384 (2016).

 34. Satomi, M. The Family Shewanellaceae, 597–625 (Springer Berlin Heidelberg, Berlin, Heidelberg, 2014).
 35. Gentile, G., Bonasera, V., Amico, C., Giuliano, L. & Yakimov, M. Shewanella sp. ga-22, a psychrophilic hydrocarbonoclastic antarctic 

bacterium producing polyunsaturated fatty acids. Journal of Applied Microbiology 95, 1124–1133, https://doi.
org/10.1046/j.1365-2672.2003.02077.x (2003).

 36. Bagi, A., Pampanin, D. M., LanzÃ©n, A., Bilstad, T. & Kommedal, R. Naphthalene biodegradation in temperate and arctic marine 
microcosms. Biodegradation 25, 111–125, https://doi.org/10.1007/s10532-013-9644-3 (2014).

 37. Ferguson, R. M. W., Gontikaki, E., Anderson, J. A. & Witte, U. The variable influence of dispersant on degradation of oil 
hydrocarbons in subarctic deep-sea sediments at low temperatures (0–5°c). Scientific Reports 7, 2253, https://doi.org/10.1038/
s41598-017-02475-9 (2017).

 38. Bartlett, D. H. Pressure effects on in vivo microbial processes. Biochimica et Biophysica Acta (BBA) - Protein Structure and Molecular 
Enzymology 1595, 367–381, https://doi.org/10.1016/S0167-4838(01)00357-0 (2002).

 39. Xu, Y. et al. Moritella profunda sp. nov. and Moritella abyssi sp. nov., two psychropiezophilic organisms isolated from deep atlantic 
sediments. International Journal of Systematic and Evolutionary Microbiology 53, 533–538, https://doi.org/10.1099/ijs.0.02228-0 
(2003).

 40. Kujawinski, E. B. et al. Fate of dispersants associated with the Deepwater Horizon oil spill. Environmental Science & Technology 45, 
1298–1306, https://doi.org/10.1021/es103838p (2011).

 41. Liu, J., Sun, Y.-W., Li, S.-N. & Zhang, D.-C. Thalassotalea profundi sp. nov. isolated from a deep-sea seamount. International Journal 
of Systematic and Evolutionary Microbiology 67, 3739–3743, https://doi.org/10.1099/ijsem.0.002180 (2017).

 42. Stelling, S. C. et al. Draft genome sequence ofThalassotalea sp. strain nd16a isolated from eastern mediterranean sea water collected 
from a depth of 1,055 meters. Genome announcements 2, e01231–14, https://doi.org/10.1128/genomeA.01231-14 (2014).

 43. Lindstrom, J. E. & Braddock, J. F. Biodegradation of petroleum hydrocarbons at low temperature in the presence of the dispersant 
corexit 9500. Marine Pollution Bulletin 44, 739–747, https://doi.org/10.1016/S0025-326X(02)00050-4 (2002).

 44. Geiselbrecht, A. D. Cycloclasticus, 1–6 (John Wiley & Sons, Ltd, 2015).
 45. White, H. K. et al. Long-term persistence of dispersants following the Deepwater Horizon oil spill. Environmental Science & 

Technology Letters 1, 295–299, https://doi.org/10.1021/ez500168r (2014).
 46. Muyzer, G., de Waal, E. C. & Uitterlinden, A. G. Profiling of complex microbial populations by denaturing gradient gel 

electrophoresis analysis of polymerase chain reaction-amplified genes coding for 16s rrna. Applied and Environmental Microbiology 
59, 695–700 (1993).

 47. Klindworth, A. et al. Evaluation of general 16s ribosomal rna gene pcr primers for classical and next-generation sequencing-based 
diversity studies. Nucleic Acids Research 41, e1–e1, https://doi.org/10.1093/nar/gks808 (2013).

 48. Callahan, B. J. et al. Dada2: High-resolution sample inference from illumina amplicon data. Nature Methods 13, 581–583, https://
doi.org/10.1038/nmeth.3869 (2016).

 49. Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data science using quime 2. Nature Biotechnology 37, 
852–7, https://doi.org/10.1038/s41587-019-0209-9 (2019).

 50. Pedregosa, F. et al. Scikit-learn: Machine learning in python. Journal of Machine Learning Research 12, 2825–2830 (2011).
 51. Quast, C. et al. The silva ribosomal rna gene database project: improved data processing and web-based tools. Nucleic Acids Research 

41, D590–D596, https://doi.org/10.1093/nar/gks1219 (2013).
 52. Bokulich, N. A. et al. Optimizing taxonomic classification of marker-gene amplicon sequences with qiime 2’s q2-feature-classifier 

plugin. Microbiome 6, 90, https://doi.org/10.1186/s40168-018-0470-z (2018).
 53. Werner, J. J. et al. Impact of training sets on classification of high-throughput bacterial 16s rrna gene surveys. The ISME journal 6, 

94–103, https://doi.org/10.1038/ismej.2011.82 (2012). 
 54. McMurdie, P. J. & Holmes, S. phyloseq: An r package for reproducible interactive analysis and graphics of microbiome census data. 

PLOS ONE 8, e61217, https://doi.org/10.1371/journal.pone.0061217 (2013).
 55. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria 

(2013).
 56. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer Publishing Company, Incorporated, 2009).
 57. Oksanen, J. et al. vegan: Community Ecology Package. R package version 2, 4–6 (2018).
 58. Jiang, L. et al. Discrete false-discovery rate improves identification of differentially abundant microbes. mSystems 2, https://doi.

org/10.1128/mSystems.00092-17 (2017).
 59. Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P. & Minghim, R. Interactivenn: a web-based tool for the analysis of sets 

through venn diagrams. BMC Bioinformatics 16, 169, https://doi.org/10.1186/s12859-015-0611-3 (2015).

https://doi.org/10.1038/s41598-020-63190-6
https://doi.org/10.3389/fmicb.2018.00808
https://doi.org/10.1016/j.marpolbul.2016.06.087
https://doi.org/10.1371/journal.pone.0199784
https://doi.org/10.1128/aem.02379-15
https://doi.org/10.1111/j.1462-2920.2012.02780.x
https://doi.org/10.3389/fmicb.2012.00357
https://doi.org/10.3389/fmars.2018.00159
https://doi.org/10.1038/s41396-018-0190-1
https://doi.org/10.1016/j.marpolbul.2019.110683
https://doi.org/10.3389/fmicb.2019.00347
https://doi.org/10.1038/s41558-018-0391-7
https://doi.org/10.1126/science.1196830
https://doi.org/10.1126/science.1196830
https://doi.org/10.1038/ismej.2013.254
https://doi.org/10.3389/fmicb.2016.01384
https://doi.org/10.1046/j.1365-2672.2003.02077.x
https://doi.org/10.1046/j.1365-2672.2003.02077.x
https://doi.org/10.1007/s10532-013-9644-3
https://doi.org/10.1038/s41598-017-02475-9
https://doi.org/10.1038/s41598-017-02475-9
https://doi.org/10.1016/S0167-4838(01)00357-0
https://doi.org/10.1099/ijs.0.02228-0
https://doi.org/10.1021/es103838p
https://doi.org/10.1099/ijsem.0.002180
https://doi.org/10.1128/genomeA.01231-14
https://doi.org/10.1016/S0025-326X(02)00050-4
https://doi.org/10.1021/ez500168r
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/ismej.2011.82
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1128/mSystems.00092-17
https://doi.org/10.1128/mSystems.00092-17
https://doi.org/10.1186/s12859-015-0611-3


9Scientific RepoRtS |         (2020) 10:7079  | https://doi.org/10.1038/s41598-020-63190-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This research was made possible by a grant from The Gulf of Mexico Research Initiative/C-IMAGE II. We thank 
David Hollander, Patrick Schwing, and the science and operational crews aboard the RV Weatherbird II Mud & 
Blood Cruises for sediment collection. Data are publicly available through the Gulf of Mexico Research Initiative 
Information Data Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org (https://doi.org/10.7266/
CCAJHQKM). Publishing was supported by Open Access Funds of Hamburg University of Technology (TUHH). 
The author would like to thank Sherryl Gilbert for constructive criticism of the manuscript.

Author contributions
R.M., A.L. and P.B. conceived the experiments. N.N., S.H. and J.V. conducted the experiments. N.N. and S.H. 
wrote the paper. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63190-6.
Correspondence and requests for materials should be addressed to R.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-63190-6
https://data.gulfresearchinitiative.org
https://doi.org/10.7266/CCAJHQKM
https://doi.org/10.7266/CCAJHQKM
https://doi.org/10.1038/s41598-020-63190-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of Oil, Dispersant, and Pressure on Microbial Communities from the Gulf of Mexico
	Scholar Commons Citation
	Authors

	Influence of oil, dispersant, and pressure on microbial communities from the Gulf of Mexico
	Results
	Analysis of microbial diversity. 
	Alpha diversity. 
	Beta diversity. 
	Microbial community structure changes in response to pressure. 
	Differential abundance analysis. 


	Discussion
	Conclusion
	Methods
	Sediment collection and incubation conditions. 
	DNA extraction and 16S rRNA amplicon sequencing. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Alpha diversity.
	Figure 2 Principal Coordinate Analysis (PCoA) of Bray-Curtis dissimilarities between the initial communities before incubation and controls without addition of oil or dispersant after incubation for 7 days.
	Figure 3 Comparison of microbial community structures.
	Figure 4 Relative abundance plots showing the response of the microbial community to different treatments and pressures.
	Figure 5 Relative abundance plots showing the response of microbial genera to different treatments and pressures.
	Table 1 Pair-wise PERMANOVA of Bray-Curtis distances.


