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Abstract

Marine microbial communities play an important role in biodegradation of subsurface plumes
of oil that form after oil is accidentally released from a seafloor wellhead. The response of
these mesopelagic microbial communities to the application of chemical dispersants following
oil spills remains a debated topic. While there is evidence that contrasting results in some pre-
vious work may be due to differences in dosage between studies, the impacts of these differ-
ences on mesopelagic microbial community composition remains unconstrained. To answer
this open question, we exposed a mesopelagic microbial community from the Gulf of Mexico
to oil alone, three concentrations of oil dispersed with Corexit 9500, and three concentrations
of Corexit 9500 alone over long periods of time. We analyzed changes in hydrocarbon chemis-
try, cell abundance, and microbial community composition at zero, three and six weeks. The
lowest concentration of dispersed oil yielded hydrocarbon concentrations lower than oil alone
and microbial community composition more similar to control seawater than any other treat-
ments with oil or dispersant. Higher concentrations of dispersed oil resulted in higher concen-
trations of microbe-oil microaggregates and similar microbial composition to the oil alone
treatment. The genus Colwellia was more abundant when exposed to multiple concentrations
of dispersed oil, but not when exposed to dispersant alone. Conversely, the most abundant
Marinobacter amplicon sequence variant (ASV) was not influenced by dispersant when oil
was present and showed an inverse relationship to the summed abundance of Alcanivorax
ASVs. As a whole, the data presented here show that the concentration of oil strongly impacts
microbial community response, more so than the presence of dispersant, confirming the
importance of the concentrations of both oil and dispersant in considering the design and inter-
pretation of results for oil spill simulation experiments.

Introduction

On April 20, 2010, the Deepwater Horizon platform exploded resulting in the loss of 11
human lives and the largest oil spill in U.S. history [1]. Approximately, 3.2-4.1 million barrels
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of crude oil were discharged into the Gulf of Mexico over the next 5 months while efforts were
made to seal the leaking wellhead [2,3]. To increase oil remediation rates, reduce the amount
of oil reaching the shoreline, and reduce the exposure concentration, chemical dispersants
(approximately 1.8 million gallons) were used during the spill [4]. These dispersants facilitate
the emulsification and dissolution of large oil drops of oil into smaller droplets to enhance
both physical dispersal and microbial biodegradation in seawater with the aim of helping to
prevent oil from reaching sensitive coastal environments [5].

In response to an oil spill, indigenous hydrocarbon degrading microorganisms naturally
propagate and mineralize oil compounds [6-10]. The character of the microbial response is
dependent on the microorganisms present at the location of the oil spill and the composition
of the spilled oil. Individual hydrocarbons have different molecular weights and physicochemi-
cal properties (e.g., solubility), which influences their fate in the environment. The low molec-
ular weight (LMW) fractions, comprised largely of n-alkanes, are easily separated by
evaporation at the surface of the ocean or removed by biodegradation. High molecular weight
(HMW) compounds, including iso-alkanes, cycloalkanes, and polycyclic aromatic hydrocar-
bons (PAHs) are more recalcitrant and are more difficult to remove from the environment
[11]. In a hydrocarbon mixture, microbes degrade LMW compounds first, while HMW PAHs
are degraded at a slower rate [12-14].

Although chemical dispersants such as Corexit 9500 are designed to enhance the rate of
microbial biodegradation, several studies have come to opposing conclusions. Some studies
suggest chemical dispersants inhibit hydrocarbon-degrading microbial communities [15-18],
some found a neutral effect or no effect at all [19,20], and some found chemical dispersants
stimulate hydrocarbon degraders to feed on oil particles, therefore enhancing the biodegrada-
tion process [10,21-26]. Dosing methodology is variable in many studies, potentially leading
to these inconsistent results. A recent experiment using dispersed oil revealed that biodegrada-
tion rate in surface seawater is dependent on oil dosage in an experiment [27]. Those results
were an important step forward in our understanding of how to interpret oil spill simulation
experiments. If dosage matters in deeper, colder waters, which are more likely to be impacted
by a seafloor well blowout such as the DwH, remains unconstrained. Further, it is important to
compare in the same experiment the response of oil-only versus dispersed oil and to investi-
gate both the chemical and microbiological response to the different treatments.

Here we sought to determine the impact of exposure of oil or dispersed oil in different con-
centrations on hydrocarbon chemistry and microbiology in mesopelagic waters. We used
three concentrations of dispersed oil spanning three orders of magnitude, 0.2-20% by volume,
to bracket expected minimum and maximum environmental concentrations during applica-
tion. We also tested the microbial response to oil alone and three concentrations of dispersant
only. These treatments were used to characterize the chemical signatures of the chemically
enhanced water accommodated fraction (CEWAF) and dispersant only mixtures compared to
oil only, and to determine their effect on microbial abundance, community composition as
assayed via 16S rRNA amplicon analysis, and biodegradation of oil over a six-week period in
natural seawater collected from mesopelagic Gulf of Mexico waters.

Methods

Sample collection

Offshore seawater was collected aboard the R/V Pelican on 06 August 2018 from a depth of
550 m in the Gulf of Mexico at 27.6924°N, 93.9380°W (S1 Fig). Seawater was transferred from
the Niskin bottles on the CTD rosette to 20 L Nalgene carboys that were rinsed three times
with sample water prior to filling. The carboys were held in the lab of the R/V Pelican at room
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temperature and brought back to Texas A&M University on 07 August, where they remained
in a walk-in refrigerator at 10 °C, the in-situ temperature of the water when collected, until
experiment initiation on 10 August. No alteration to the water was conducted prior to the
experiment.

Experimental setup

The collected natural seawater was used to setup twenty-four 2L glass bottles. Eight treatments
were prepared (S2 Fig): (1) seawater only with no additions (Control) [2], crude oil alone, sup-
plied as a water accommodated fraction (WAF), (3-5) oil dispersed with Corexit 9500, sup-
plied as a chemically enhanced WAF (CEWAF) and prepared in three concentrations: low
(~0.2%), medium (~2%), and high (~20%), and (6-8) Corexit 9500 chemical dispersant alone
(Corexit), prepared in three concentrations: low (0.0025%), medium (0.025%) and high
(0.25%). The concentraiton of Corexit was the same for the low, medium and high treatments
of both CEWAF and dispersant alone treatments when accounting for volume of dispersant in
CEWAF. These concentrations were selected because the medium concentration yields con-
centrations similar to what was observed in situ in the Deepwater Horizon deepwater plume
[17]. We chose one order of magnitude concetratin higher and lower than this realistic
medium concentration to have a high chance of seeing a range of responses by the microbial
community. Each treatment was prepared in triplicate bottles for all timepoints and then
destructively sampled at the appropriate sampling interval. Preparation of stock WAF and
CEWAF was conducted similarly to Kleindienst et al. (2015). Specifically, 1700 mL of filtered
and pasteurized seawater was used to mix 300 mL of MC252 oil at 400 rpm for 48 hours to
make stock WAF. For the WAF treatment, 1400 mL of the stock WAF was added to 1400 mL
of seawater. No settling time was used after mixing for 48 h. Similarly, 1700 mL filtered, and
pasteurized seawater was mixed with 300 mL MC252 oil and 30 mL of Corexit 9500A at 400
rpm for 48 hours to make the stock CEWAF. CEWAF was allowed to settle for 1 hour, and
subsequently, 3, 30 and 300 mL of the stock CEWAF was added to 397, 370 and 100 mL of fil-
tered and pasteurized seawater followed by addition of 1400 mL of natural seawater collected
from GOM for creation of the low, medium, and high concentration CEWAF treatments,
respectively. Initial time points (T0) were taken immediately after the treatments were made.
The experiments were kept at 10 “C in the dark for the duration of the 6-week experiment.

Chemical analyses

Hydrocarbons. For T0 and T3 samples, 1L from WAF and 500mL for CEWAF and Dis-
persant only were collected for alkane and PAH analysis. For T6, 1L was collected for all three
sets of treatments to ensure enough hydrocarbons for detection. Concentrations were normal-
ized to actual amount collected. Samples were preserved with 100 mL dichloromethane (DCM).
Prior to analysis, samples were first spiked with aliphatic and aromatic surrogates (d26-nC,,,
d42-nC,p, d50-nC,,4, and d62-nCs for aliphatic and d8-naphthalene, d10-acenaphthene,
d10-phenanthrene, d12-chrysene, and d12-perylene for PAHs). Extraction was done with DCM
(total 200 mL) in a separatory funnel. The extracts were reduced to 2 mL in Hexane by evapo-
rating the extract in a water bath at 55°C. Silica gel columns were used to separate the aliphatic
and aromatic fractions: 50 mL of pentane was eluted through the columns to collect the ali-
phatic fractions, and 50 mL of a 1:1 pentane/DCM mixture was eluted through the columns to
collect the aromatic fractions. The collected fractions were then evaporated to final volume of 1
mL in hexane. Finally, GC internal standards (e.g., d54-nCy¢ for aliphatic hydrocarbons and
d10-Fluorene and d12-Benzo(a) pyrene for PAHs) were added. Aliphatic hydrocarbons were
then analyzed on an Agilent 7890 gas chromatograph with a flame ionization detector
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(GC-FID) while PAHs were analyzed on a Hewlett-Packard 6890 gas chromatograph coupled
with a Hewlett-Packard 5973 mass selective detector. Further details on temperature program,
column used, and quantification methods are described previously [28,29]. Surrogate recoveries
for alkane were: D26-C12 (69.8 + 20.4%), D42-C20 (90.9 + 21.9%), D50-C24 (95.7 + 16.2%),
D62-C30 (91.6 + 17.9%). Surrogate recoveries for PAHs analysis were d8-Naphthalene

(71.6 £ 17.2%), d10-Acenaphthene (97.3 £ 17%), d10-Phenanthrene (76.1 + 12.1%), d12-Chry-
sene (100.4 + 11%) and d12-Perylene (80.0 £ 10.7%).

Microbiological Analyses

Cell and micro-aggregate abundances. Subsamples from each bottle were collected at
experiment initiation (T0), after three weeks (T3) and after 6 weeks (T6) and preserved for cell
counting with 2% formalin (final concentration) and stored at 4 °C. Preserved samples were
vacuum filtered through black polycarbonate filters (25 mm diameter, 0.2 um pore-size) and
stained with a DAPI mixture containing 80 uL of 50 pg/mL DAPI dye, 280 pL Vectashield
mounting medium for fluorescence, and 1540 pL Citiflour AF1 Glycerol/PBS antifade solu-
tion. Direct cell counts were performed with an epifluorescence microscope (Zeiss Axio
Imager.M2). Individual cells were enumerated at 1000X magnification, microaggregates were
enumerated at 400X magnification.

Molecular biology, DNA sequencing and analysis. At time points (T0, T3, and T6), 100-
400 mL of each sample were filtered through Supor® 0.2 pm pore-size, 47 mm membrane filters
(PALL Corp., Ann Arbor, MI, USA) and then stored at -80°C until DNA extraction. Total DNA
was extracted from experimental filters and a procedural blank filter using FastDNA Spin kits
(MP Biomedical, Santa Ana, CA, USA) according to the manufacturer’s instructions. The V4
hyper-variable region of the 16S rRNA gene was amplified from the DNA extracts with GoTaq
Flexi DNA Polymerase (Promega Corp., Madison, WI, USA) and 515F and 806R barcoded prim-
ers containing Illumina MiSeq adapters [30]. Each sample was amplified in 50 pL reactions with
the following cycling parameters: 95°C for 3 minutes, 30 cycles of (95°C for 45 seconds, 50°C for
1 minute, 72°C for 90 seconds), followed by a final elongation step of 72°C for 10 minutes. PCR
products were visualized on a 1.5% agarose gel electrophoresis to assess amplification success.
Amplicons were quantified with the QuantiFluor dsSDNA System (Promega) and pooled together
at equimolar concentration. The final library was then purified using an E.ZN.A Cycle Pure Kit
(Omega Bio-tek, Inc., Norcross, GA, USA). The purified library was sequenced on an Illumina
MiSeq platform (v2 chemistry, 2 x 250 bp) at the Georgia Genomics Facility (Athens, GA, USA).

Sequence read curation and processing was carried using the DADA2 package in R [31].
Raw reads were first processed using standard filtering parameters (maxN = 0, truncQ = 2, rm.
phix = TRUE, and maxEE = 2). Quality profiles of the forward (R1) and reverse (R2) reads
were manually inspected and then reads were truncated to the length after which the distribu-
tion of quality scores began to drop: 240bp and 160bp, respectively. Error rates for the filtered
and trimmed R1 and R2 reads were calculated using the learnErrors function and subsequently
used to denoise reads using the DADA?2 sample inference algorithm. The denoised R1 and R2
reads, free of substitution and indel errors, were then merged into amplicon sequence variants
(ASV) using a global ends-free alignment. Paired reads containing any mismatches in the
overlapping region were removed from the dataset. Chimeric ASVs were identified and
removed by using the consensus method within the removeBimeraDenovo function. As a final
curation step, any ASV's of which >1% of its reads were from one of the protocol blanks were
removed. A consensus taxonomy for each ASV was assigned using the naive Bayesian classi-
fied method of Wang et al., 2007 trained on release 128 of the SILVA reference database
[32,33]. Downstream ecological analyses of ASVs was performed with a combination of
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mothur, phyloseq, and vegan [34-36]. A summary of sequencing statistics is provided in S1
Table.

Raw data can be accessed at the National Center for Biotechnology Information Sequence
Read Archive under Bioproject ID PRINA715309 and accession numbers SAMN18344485-
SAMN18344557.

Results
Hydrocarbon chemistry

Alkane concentrations were, on average, 1.5X higher in the WAF treatment than the CEWAF
Low treatment, but alkane concentrations were ~8-fold and ~105-fold higher in the CEWAF
Medium and CEWAF High treatments, respectively, compared to the WAF. nC14-nC22
alkanes in all oiled treatments (WAF, CEWAF Low, CEWAF Medium, and CEWAF High)
decreased at T3 and T6 compared to the previous timepoint (S3 Fig). The percentage decrease
was greatest between TO and T3, but further decreases occurred between T3 and Té.

PAHs with 2 to 6 aromatic rings were found in all oiled treatments at every time point (54
Fig). Low molecular weight (LMW) PAHs, namely naphthalene and its alkyl homologs, were
the most abundant PAHs in all oil containing treatments. This is consistent with their high
abundance in Macondo oil [37], where these naphthalenes account for over 50% of the total
PAHs. Additionally, 3- and 4- ring compounds were more abundant in CEWAF treatments
compared to oil only (WAF) treatment. Naphthalene concentration decreased after 6 weeks in
all CEWAF treatments, but the decrease during the first three weeks was much more rapid
than during the second three weeks.

n-C17/pristane and n-C18/phytane ratios are commonly used as chemical indicators of oil
weathering by microbial biodegradation. Since pristane and phytane are recalcitrant to biodeg-
radation, comparing them to an easily degraded compound (e.g., n-alkanes) that is closest to
their carbon numbers (n-C17, n-C18, respectively) can explain overall microbial degradation
of hydrocarbons [38,39]. Across all hydrocarbon-amended treatments, the ratio of n-C17/pris-
tane and n-C18/phytane decreased from TO0 to T6, indicating microbial degradation of n-
alkanes (Fig 1). In contrast, the unresolved complex mixture (UCM) increased with time in all
hydrocarbon-amended treatments. The %UCM was lowest in WAF at T0 and increased with
increasing hydrocarbon concentration in the different treatments (WAF < CEWAF
Low < CEWAF Medium < CEWAF High). %UCM was highest in CEWAF Medium at T3
but similar across all treatments at T6 (Fig 1).

Prokaryotic cell and micro-aggregate abundance

At the start of the experiment (T0), total cell abundance ranged between 6.08x10° (CEWAF
High) and 4.79x 10* (WAF) cells mL™! (Fig 2). After 6 weeks of incubation, cell abundance
increased in all treatments expect WAF by one to two orders of magnitude. In the WAF treat-
ment, cell abundance increased after three weeks of incubation (T3) and then declined to ini-
tial abundance after 6 weeks. Prokaryotic cell abundance in CEWAF and Corexit treatments
increased in direct proportion to the concentration of dispersant used. Cell abundances
increased over time proportionately to the concentration of total alkanes in the treatment for
WAF and CEWAF treatments (S5 Fig).

Microscopy cell imaging revealed the formation of oil-microbe micro-aggregates in oiled
treatments after three weeks (Fig 2). The abundance of these micro-aggregates increased over
time in proportion to amount of oil (Fig 2).
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Fig 1. Mean ratios of A) n-C17 to Pristane, B) n-C18 to phytane, and C) %UCM in each treatment for all timepoints
during the experiment. Error bars represent standard error +/- mean among replicates (n = 3).

https://doi.org/10.1371/journal.pone.0263420.9001

Microbial community composition and structure

Rarefaction curves for all timepoints after TO treatments reached saturation, indicating micro-
bial community diversity was exhaustively sampled (S6 Fig). Microbial diversity, as assessed
via the inverse Simpson Index (1/D), was statistically the same in WAF and control samples
(~2.5£ 0.2). In all the Corexit-amended treatments, diversity was higher at T3 and T6 treat-
ments than both the control and WAF treatments (S8 Fig). Within all treatments, diversity
was lowest at the end of the experiment, and there was a general trend of decreasing diversity
with increasing Corexit concentration.

A principal coordinate analysis (PCoA) of Bray-Curtis dissimilarities was performed to
explore how microbial community composition and structure varied between treatments and
over time (Figs 3 and S7). At TO all samples overlapped, confirming the microbial communi-
ties within all samples were similar at the start of the experiment. Analysis of similarity (ANO-
SIM) was performed to estimate the significance between the microbial communities of each
treatment at the initiation of the experiment (T0). The result show no significant difference
between the treatments [R = -0.091, p = 0.62].

After three weeks, community composition had diverged into three distinct clusters based
on treatment: one with all Corexit only treatments, one with both control and the CEWAF
Low treatments, and one with the WAF, CEWAF Medium, and CEWAF High treatments.
ANOSIM analysis revealed that there were significant differences in community composition
among sampling time points (R = 0.462, S9A Fig) and different treatments (R = 0.225, S9B

Fig).
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Fig 2. Prokaryotic cell abundance (bars), and micro-aggregate abundance (dots) observed in each treatment over the 6-week incubation period.
Error bars represent standard error +/- mean among replicates (n = 3).
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The most abundant bacterial lineage in all treatments was Alteromonadales, which
increased over time in all treatments (Fig 4). The order with the next highest relative abun-
dance was Oceanospirillales, which decreased with time in all treatments. The orders Flavobac-
teriales and Rhodospirillales increased in relative abundance only in Corexit-amended
treatments. The order Nitrosococcales was abundant only in T3 and T6 for the CEWAF Low
and Control treatments. Finally, Rhodobacterales increased in relative abundance in CEWAF
Low, CEWAF Medium, and Corexit Low treatments but did not increase in relative abun-
dance in any treatments that were not amended with Corexit. Nitrosopumilales appears to
dominate the in-situ seawater samples.

Response of putative hydrocarbon-degrading taxa

Analysis of microbial response to the treatments at the ASV level provides more detail to the
broad patterns seen at the Order (Fig 4) and genera (S10 Fig) levels. ASVO01, classified as Mari-
nobacter, was present at the highest relative abundance for all putative hydrocarbon degraders
across all timepoints (Fig 5). Its relative abundance increased dramatically after TO in the
WAF, CEWAF Medium, CEWAF High, Corexit Low and Corexit Medium treatments. ASV's
07 and 39 were the next most abundant ASVs classified as Marinobacter; ASV07 had highest
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Fig 3. Principal coordinates analysis (PCoA) of bacterial community composition within each treatment during
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treatment, while the different shapes represent incubation time.
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relative abundance in WAF, CEWAF Medium and CEWAF High while ASV39 was most
abundant in the Corexit-only treatments, particularly at T0. ASVs 71 and 82, classified as
Cycloclasticus, a genus known for PAH-degradation, were nearly absent from this experiment
except for the WAF treatment at T3 and T6, where ASV71 represented 1.7% of sequences at
T3 and ASV82 represented 2.0% of sequences at T6.

ASVs classified as Colwellia bloomed only in the CEWAF treatments (Fig 5). At T0, ASVs
14, 25 and 35 each represented <0.05% of the community in any treatment. Combined, these
ASVs bloomed to an average of 22%, 11% and 0.15% for CEWAF Low, CEWAF Medium and
CEWAF High, respectively, at T3, and 17%, 9% and 0.06% at T6 for the same treatments.

At TO, ASV03, classified as Alcanivorax, was the second-most abundant of all putative
hydrocarbon degraders (Fig 5). Unlike Marinobacter, the relative abundance of Alcanivorax,
particularly ASV03, significantly decreased across all treatments over time. Its relative abun-
dance was highest when the relative abundance of ASV01 was lowest (S11 Fig). ASV05, classi-
fied as Alcanivorax, decreased in relative abundance in all treatments except for the WAF
treatment, where its relative abundance was consistent at each time point. ASV36, also classi-
fied as Alcanivorax, was present in all treatments at T0 only except Corexit Medium and Cor-
exit High, where it was nearly absent throughout the experiment.
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ASVs classified as Alteromonas cannot specifically be associated as putative hydrocarbon
degraders without additional genomic data. That said, ASV02 represented 19-50% of the
amplicons in the Corexit-amended treatments at T3 and 25-31% at T6 (S12 Fig).

Discussion

After crude oil is released in the marine environment, chemical dispersants can be applied to
mitigate the impact of the spilled oil, including to speed up the rate of oil biodegradation to
reduce the toxic influence of hydrocarbons on the marine environment and protect coastal
ecosystems. Due to the impact of oil contamination on the environment, many studies have
been conducted to understand the degree to which chemical dispersants help improve clean-
up responses after such events [17,40,41]. Conflicting results from previous studies have
resulted in a debate about the validity of using chemical dispersants to clean up oil spills based
on its degree of toxicity. Prior work has shown that different dosing levels can explain some of
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https://doi.org/10.1371/journal.pone.0263420.g005

the previous discrepancies for surface seawater [27], where many spills have the greatest
impact. However, that work looked only at dispersant amended treatments and focused on oil
composition and degradation rate. We here sought to test the hypothesis that dosing level
impacts microbial community response in mesopelagic seawater, which is affected in cases of a
well blowout such as the Deepwater Horizon and Ixtoc spill, and to look specifically at the
microbial community response to different doses of oil with and without dispersant. We
found that dosage does impact microbial communities at multiple levels and therefore is
important to consider when interpreting experimental results. To our knowledge, this is the
first study to explore the dosage effect of chemical dispersants on mesopelagic marine micro-
bial communities.

Alkanes and PAHs decreased overall, which could indicate abiotic or biological degrada-
tion. The decreasing ratios of n-C17/pristane and n-C18/phytane over time during this experi-
ment, however, is a clear indication that oil was being degraded by microorganisms in all
treatments [28,38,39,42]. Pristane and phytane are used as biomarkers for microbial biodegra-
dation because they are more recalcitrant than n-alkanes with similar number of carbon atoms
[42,43]. The most rapid rate and highest amount of biodegradation occurred in the CEWAF
Medium treatment (Fig 1). Another indicator of biodegradation, the %UCM, increased over
time. Such increases in %UCM are typically observed during biodegradation as lightweight,
resolvable compounds are consumed [24].
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Microbes vary in their ability to utilize different hydrocarbon compounds found in crude oil.
Canonically, simpler components like linear alkanes are degraded first [13,44]. After these com-
pounds are consumed, a succession of different microbes breakdown the more complex HMW
components such as aromatics [11,45,46]. Sequencing of the 16S rRNA gene was conducted to
examine the effect of different oil with or without different dispersant concentrations on micro-
bial community structure and composition. At T0 all treatments had higher diversity than T3
and T6 (S8 Fig). The observed effect of lower diversity at T3 and T6 is likely related to a combi-
nation of the stimulation and blooming of hydrocarbon degrading bacteria in response to hydro-
carbon amendment [8] and changes in community composition that can occur in incubation
experiments [47]. A decrease in diversity in CEWAF treatments has been detected previously in
shorter experiments using surface Gulf of Mexico waters [48,49]. The decrease in diversity in the
control treatment indicates that some of the diversity changes were not related to experimental
treatments but shifts in hydrocarbon degraders were evident across all treatments, regardless.

In this experiment, microbial communities from different treatments formed distinct clus-
ters in PCoA space (Figs 3 and S7). All treatments at TO formed a distinct group, which is
expected since the same natural microbial community was used as inoculum immediately
prior to sampling. The presence of a cluster of samples from control seawater and CEWAF
Low treatments at T3 and T6 imply that the amount of oil in CEWAF Low was not enough to
drive a strong microbial response. Indeed, the overall oil concentrations in CEWAF Low was
lower than in the WAF treatment (S3 and S4 Figs). Both Control and CEWAF Low treatments
also experienced an increased relative abundance of Nitrosococcales that was not seen in other
treatments. Consequently, the CEWAF Low microbial community was more similar to the
control than other oil-amended treatments.

In previous studies, the abundance of Colwellia was found to peak when simple aromatics
increase, indicating that Colwellia is capable of aromatic hydrocarbon degradation [50,51]. We
observed that Colwellia bloomed only in CEWAF Low and, to a lesser extent, in CEWAF
Medium (Fig 5). This suggests that the early phase of biodegradation of simple alkanes was com-
pleted in these two treatments. It also supports that in CEWAF Low, due to the small amount of
bioavailable oil, microbes were able to degrade both simple hydrocarbons and aromatics within
3 weeks. The absence of Colwellia enrichment in CEWAF High and lower abundance in
CEWAF Medium indicate that more time may be necessary for microbes to finish degrading the
alkanes initially present in those treatments where overall oil concentrations were higher.

The amount of dissolved oil in both CEWAF Medium and CEWAF High had similar effect
on microbial composition as the WAF treatment, as indicated by their close clustering in the
PCoA analysis (Figs 3 and S7). Overall, Oceanospirillales and Alteromonadales increased in rel-
ative abundance in all three of these treatments at T3 and T6, resulting in low Bray-Curtis dis-
similarity (0.62 £ 0.2) between them. This could indicate a threshold effect, where a minimal
amount of hydrocarbons causes the community to respond, but higher concentrations have
less impact. The communities in CEWAF High had elevated relative abundances of putative
heterotrophs such as Flavobacteriales and Rhodospirillales, which were also elevated in the Cor-
exit-only treatments. This indicates that increasing dispersant concentrations eventually favor
heterotrophs, who are potentially utilizing carbon in the dispersants and/or byproducts of
hydrocarbon remediation.

As expected, microbial communities in the three Corexit-only treatments clustered
together, indicating that the presence of dispersant without oil had a similar effect on the initial
marine microbial community. Increasing concentrations of dispersant favored Flavobacter-
iales and Rhodospirillales at the expense of Rhodobacterales and Caulobacterales. These Cor-
exit-only responses are similar to those observed in other studies targeting the effect of
dispersant only on microbiome composition [17,26].

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 11/17


https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

Our experimental design allowed for analysis of concentration effects of CEWAF and Cor-
exit on individual ASVs. The relative abundance of both ASV01 (Marinobacter) and ASV03
(Alcanivorax) was high in all treatments, but antagonistic (S11 Fig). Notably, this was less
apparent in the Control and Corexit-only treatments, where the outgrowth of ASV01 was less
prominent than the oil-amended treatments. It is likely that ASVO01 outcompeted ASV03, as
indicated by the relative abundance of ASV01 increasing over time at the expense of ASV03.
Because ASV01 did not bloom in Control or Corexit-only treatments, it is most likely that
ASVO01 grew quickly in response to the addition of oil but does not grow as quickly on Corexit
alone. Marinobacter species are opportunitrophs and will grow quickly in response to new car-
bon sources [52], whereas Alcanivorax ASV03 is likely a slow grower and/or experienced bottle
effects. Marinobacter ASV07 also appeared unaffected by dispersant concentration in CEWAF
but did not have high relative abundance in Corexit-only treatments. This indicates that these
important hydrocarbon degraders were likely not impeded by dispersant, although their role
in hydrocarbon oxidation specifically cannot be assessed using the methods employed here.

Enrichment of Colwellia was notable only in CEWAF treatments, similar to what has been
detected in previous work [10,17,41,50,53]. Unlike some previous studies [17,26], we did not
detect Colwellia in dispersant-only treatments, where we instead found increased relative
abundance of Alteromonas ASV10, Flavobacteriales, Caulobacterales and Rhodospirillales com-
pared to other treatments. This suggests that the Colwellia ASV's detected may have partici-
pated in hydrocarbon degradation in our experiments. In support of this, stable isotope
probing has shown that Colwellia can oxidize ethane and propane, definitively showing that
some members of this genus can degrade hydrocarbons. Because Corexit preferentially releases
alkanes when mixed with oil, it is possible that Colwellia may have biodegraded released
alkanes in CEWAF treatments where it was abundant.

In this study, we sought to determine how the dosage of dispersant can impact hydrocarbon
chemistry and microbial community response in mesopelagic waters, which are impacted by
oil spills released from wellheads at the seafloor. We found that signatures for hydrocarbon
biodegradation were related to dosage level, and that the number of oil-microbe microaggre-
gates was proportional to the dosage of dispersant (Fig 2). Importantly, microaggregates were
not abundant when dispersant was added without oil, indicating that the increased microag-
gregate concentrations were related to increased oil concentrations caused by dispersant. Both
the presence of dispersant and the dosage level influenced the response of the microbial com-
munity. ASVs classified as putative hydrocarbon oxidizing Marinobacter were highly abundant
in WAF and CEWAF treatments, whereas ASVs of the putative hydrocarbon oxidizer Colwel-
lia were abundant only in CEWAF treatments. Some taxa were more abundant in dispersant-
only treatments, but it cannot be determined if this was the case due to preference for those
treatments or because hydrocarbon oxidizers did not bloom in those treatments, resulting in
higher relative abundances for the taxa that were detected. Therefore, the concentration of
Corexit matters in determining the rate of biodegradation, and additionally, the concentration
determines the length that the experiment should run. Overall, this work confirms that the
concentration of dispersant and oil is a critically important consideration when performing oil
biodegradation experiments, in general, and highlights the impact of different levels of disper-
sant or oil-only on specific taxa and how they respond to oil spills over long periods of time.

Supporting information

S1 Fig. Sampling site. Created in R using vector map data from Natural Earth, free vector and
raster map data @ naturalearthdata.com. All map data from Natural Earth is in the public

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s001
http://naturalearthdata.com
https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

domain and free for use for any personal, educational, or commercial purpose.
(DOCX)

S2 Fig. Composition of WAF/CEWATF stock and treatments.
(DOCX)

S3 Fig. Mean concentrations of n-alkane in oil containing treatments (WAF and all 3 con-
centrations of CEWAF).
(DOCX)

$4 Fig. Mean concentrations of 19 residual PAHs and 22 groups of alkyl-PAHs of oil con-
taining treatments (WAF and all 3 concentrations of CEWAF). Number of aromatic rings
are shown on the upper panel. Note the different y-axis scales for each panel.

(DOCX)

S5 Fig. The relationship of cell abundance observed within oil-containing treatments
(WAF and CEWAF) and the concentration of total alkanes of each treatment.
(DOCX)

S6 Fig. Rarefaction curves of each treatment during the 6-week incubation period.
(DOCX)

S7 Fig. Principal coordinates analysis (PCoA) of bacterial community composition within
each treatment during the 6-week experiment based on Bray-Curtis dissimilarities. The
samples are color-coordinated according to treatment, while the different shapes represent
incubation time.

(DOCX)

S8 Fig. Microbial diversity measured by inverse Simpson Index (1/D) for each treatment.
(DOCX)

S9 Fig. Analysis of similarities (ANOSIM) plot showing dissimilarity with R and P values
based between and within A) Time Points, B) Treatments. Bold horizontal bar in box indicates
median; bottom of box indicates 25th percentile; top of box indicates 75th percentile; whiskers
extend to the most extreme data point; width of bar is directly proportional to sample size.
(DOCX)

$10 Fig. Relative abundances of top 15 microbial genera observed in-situ seawater samples
and each treatment over the 6-week experiment. Each bar is the average of triplicate treat-
ment.

(DOCX)

S11 Fig. Relative abundance of ASV01 (Marinobacter) vs ASV03 (Alcanivorax) for all time
points and treatments.
(DOCX)

$12 Fig. Relative abundances of selected ASVs belonging to Alteromonas. Each bar repre-
sents the average of triplicate treatments
(DOCX)

S1 Table. Number of sequence reads filtered through each step of the DADA?2 pipeline.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263420.s013
https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

Acknowledgments

We thank the captain and crew of the R/V Pelican for their assistance collecting the seawater
sample and getting it back to shore. We thank Kusimica Mitra at Geochemical and Environ-
mental Research Group at Texas A&M University for assistance setting up the experiment and
analyzing samples, Brian Buckingham for assistance processing samples during the experi-
ment, and R.]. Wilson for help with experimental design. Yina Liu provided critical review of
an early version of this manuscript.

Author Contributions

Conceptualization: Shawn M. Doyle, Gopal Bera, Terry L. Wade, Anthony H. Knap, Jason B.
Sylvan.

Data curation: Shahd Aljandal.

Formal analysis: Shahd Aljandal, Gopal Bera.

Funding acquisition: Terry L. Wade, Anthony H. Knap, Jason B. Sylvan.
Investigation: Shahd Aljandal, Shawn M. Doyle.

Methodology: Shawn M. Doyle, Gopal Bera, Terry L. Wade, Anthony H. Knap, Jason B.
Sylvan.

Project administration: Terry L. Wade, Anthony H. Knap, Jason B. Sylvan.
Supervision: Terry L. Wade, Anthony H. Knap, Jason B. Sylvan.

Visualization: Shahd Aljandal.

Writing - original draft: Shahd Aljandal, Shawn M. Doyle, Gopal Bera, Jason B. Sylvan.

Writing - review & editing: Shahd Aljandal, Shawn M. Doyle, Gopal Bera, Terry L. Wade,
Anthony H. Knap, Jason B. Sylvan.

References

1. Atlas RM, Hazen TC. Oil biodegradation and bioremediation: a tale of the two worst spills in US history.
Environ Sci Technol. 2011; 45(16):6709-15. https://doi.org/10.1021/es2013227 PMID: 21699212

2.  McNutt MK, Camilli R, Crone TJ, Guthrie GD, Hsieh PA, Ryerson TB, et al. Review of flow rate esti-
mates of the Deepwater Horizon oil spill. Proc Natl Acad Sci. 2012; 109(50):20260-7. https://doi.org/10.
1073/pnas.1112139108 PMID: 22187459

3. Crone TJ, Tolstoy M. Magnitude of the 2010 Gulf of Mexico Oil Leak. Science (80-) [Internet]. 2010 Oct
29; 330(6004):634—-634. Available from: http://www.sciencemag.org/lookup/doi/10.1126/science.
1195840. PMID: 20929734

4. U.S. Coast Guard and National Response Team. On Scene Coordinator Report: Deepwater Horizon
Qil Spill. Washington, D.C: US Department of Homeland Security, US Coast Guard; 2011.

5. Brakstad OG. Natural and Stimulated Biodegradation of Petroleum in Cold Marine Environments. In:
Margesin R, Schinner F, Marx J-C, Gerday C, editors. Psychrophiles: from Biodiversity to Biotechnol-
ogy [Internet]. Berlin, Heidelberg: Springer Berlin Heidelberg; 2008. p. 389—407. Available from:
https://doi.org/10.1007/978-3-540-74335-4_23.

6. Syutsubo K, Kishira H, Harayama S. Development of specific oligonucleotide probes for the identifica-
tion and in situ detection of hydrocarbon-degrading Alcanivorax strains. Environ Microbiol. 2001; 3
(6):371-9. https://doi.org/10.1046/j.1462-2920.2001.00204.x PMID: 11472502

7. Hassanshahian M, Emtiazi G, Kermanshahi RK, Cappello S. Comparison of oil degrading microbial
communities in sediments from the Persian Gulf and Caspian Sea. Soil Sediment Contam. 2010; 19
(3):277-91.

8. HeadIM, Jones DM, Roéling WFM. Marine microorganisms make a meal of oil. Nat Rev Microbiol. 2006;
4(3):173-82. https://doi.org/10.1038/nrmicro1348 PMID: 16489346

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 14/17


https://doi.org/10.1021/es2013227
http://www.ncbi.nlm.nih.gov/pubmed/21699212
https://doi.org/10.1073/pnas.1112139108
https://doi.org/10.1073/pnas.1112139108
http://www.ncbi.nlm.nih.gov/pubmed/22187459
http://www.sciencemag.org/lookup/doi/10.1126/science.1195840
http://www.sciencemag.org/lookup/doi/10.1126/science.1195840
http://www.ncbi.nlm.nih.gov/pubmed/20929734
https://doi.org/10.1007/978-3-540-74335-4_23
https://doi.org/10.1046/j.1462-2920.2001.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/11472502
https://doi.org/10.1038/nrmicro1348
http://www.ncbi.nlm.nih.gov/pubmed/16489346
https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Kleindienst S, Grim S, Sogin M, Bracco A, Crespo-Medina M, Joye SB. Diverse, rare microbial taxa
responded to the Deepwater Horizon deep-sea hydrocarbon plume. ISME J [Internet]. 2016; 10
(2):400—15. Available from: https://doi.org/10.1038/ismej.2015.121 PMID: 26230048

Bezelum J, Borglin S, Chakraborty R, Fortney JL, Lamendella R, Mason OU, et al. Deep-sea bacteria
enriched by oil and dispersant from the Deepwater Horizon spill. Environ Microbiol. 2012; 14(9):2405—
16. https://doi.org/10.1111/j.1462-2920.2012.02780.x PMID: 22616650

Leahy JG, Colwell RR. Microbial Degradation of Hydrocarbons in the Environment. Microbiol Rev.
1990; 54(3):305—-15. https://doi.org/10.1128/mr.54.3.305-315.1990 PMID: 2215423

Atlas R, Bragg J. Bioremediation of marine oil spills: When and when not—The Exxon Valdez experi-
ence. Microb Biotechnol. 2009; 2(2):213-21. https://doi.org/10.1111/j.1751-7915.2008.00079.x PMID:
21261915

Perry JJ. microbial metabolism of cyclic alkanes. In: Atlas RM, editor. Petroleum Microbiology. New
York, NY: Macmillan Publishers Limited; 1984. p. 61-98.

Walker JD, Colwell RR, Petrakis L. biodegradation rates of components of petroleum. Can J Microbiol.
1976; 22(8):1209—13. https://doi.org/10.1139/m76-179 PMID: 963634

Bruheim P, Bredholt H, Eimhjellen K. Effects of surfactant mixtures, including Corexit 9527, on bacterial
oxidation of acetate and alkanes in crude oil. Appl Environ Microbiol. 1999; 65(4):1658—61. https://doi.
org/10.1128/AEM.65.4.1658-1661.1999 PMID: 10103264

Hamdan LJ, Fulmer PA. Effects of COREXIT® EC9500A on bacteria from a beach oiled by the Deep-
water Horizon spill. Aquat Microb Ecol. 2011; 63(2):101-9.

Kleindienst S, Seidel M, Ziervogel K, Grim S, Loftis K, Harrison S, et al. Chemical dispersants can sup-
press the activity of natural oil-degrading microorganisms. Proc Natl Acad Sci. 2015; 112(48):14900-5.
https://doi.org/10.1073/pnas.1507380112 PMID: 26553985

Yoshida A, Nomura H, Toyoda K, Nishino T, Seo Y, Yamada M, et al. Microbial responses using dena-
turing gradient gel electrophoresis to oil and chemical dispersant in enclosed ecosystems. Mar Pollut
Bull. 2006 Feb 1; 52(1):89-95. https://doi.org/10.1016/j.marpolbul.2005.08.015 PMID: 16202430

Foght JM, Westlake DWS. Effect of the dispersant Corexit 9527 on the microbial degradation of Prud-
hoe Bay oil. Can J Microbiol. 1982; 28(1):117-22.

Macias-Zamora J V., Meléndez-Sanchez AL, Ramirez-Alvarez N, Gutiérrez-Galindo EA, Orozco-Bor-
bon M V. On the effects of the dispersant Corexit 9500© during the degradation process of n-alkanes
and PAHs in marine sediments. Environ Monit Assess. 2014; 186(2):1051-61. https://doi.org/10.1007/
$10661-013-3438-2 PMID: 24162369

Zahed MA, Aziz HA, Isa MH, Mohajeri L. Effect of initial oil concentration and dispersant on crude oil bio-
degradation in contaminated seawater. Bull Environ Contam Toxicol. 2010; 84(4):438—42. https://doi.
org/10.1007/s00128-010-9954-7 PMID: 20224975

Prince RC, McFarlin KM, Butler JD, Febbo EJ, Wang FCY, Nedwed TJ. The primary biodegradation of
dispersed crude oil in the sea. Chemosphere. 2013; 90(2):521-6. https://doi.org/10.1016/j.
chemosphere.2012.08.020 PMID: 22967931

McFarlin KM, Prince RC, Perkins R, Leigh MB. Biodegradation of dispersed oil in Arctic seawater at
-1°C. PLoS One. 2014; 9(1). https://doi.org/10.1371/journal.pone.0084297 PMID: 24416211

Brakstad OG, Nordtug T, Throne-Holst M. Biodegradation of dispersed Macondo oil in seawater at low
temperature and different oil droplet sizes. Mar Pollut Bull. 2015; 93(1-2):144-52. https://doi.org/10.
1016/j.marpolbul.2015.02.006 PMID: 25746198

Hu P, Dubinsky EA, Probst AJ, Wang J, Sieber CMK, Tom LM, et al. Simulation of Deepwater Horizon
oil plume reveals substrate specialization within a complex community of hydrocarbon degraders. Proc
Natl Acad Sci U S A. 2017; 114(28):7432—7. https://doi.org/10.1073/pnas.1703424114 PMID:
28652349

Techtmann SM, Zhuang M, Campo P, Holder E, Elk M, Hazen TC, et al. Corexit 9500 enhances oil bio-
degradation and changes active bacterial community structure of oilenriched microcosms. Appl Environ
Microbiol. 2017; 83(10). https://doi.org/10.1128/AEM.03462-16 PMID: 28283527

Prince RC, Butler JD, Redman AD. The Rate of Crude Oil Biodegradation in the Sea. Environ Sci Tech-
nol [Internet]. 2017 Feb 7; 51(3):1278-84. Available from: https://doi.org/10.1021/acs.est.6b03207
PMID: 27700058

Wade TL, Morales-McDevitt M, Bera G, Shi D, Sweet S, Wang B, et al. A method for the production of
large volumes of WAF and CEWAF for dosing mesocosms to understand marine oil snow formation.
Heliyon. 2017; 3(10). https://doi.org/10.1016/j.heliyon.2017.e00419 PMID: 29034339

Bera G, Parkerton T, Redman A, Turner NR, Renegar DA, Sericano JL, et al. Passive dosing yields dis-
solved aqueous exposures of crude oil comparable to the CROSERF (Chemical Response to Oil Spill:

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 15/17


https://doi.org/10.1038/ismej.2015.121
http://www.ncbi.nlm.nih.gov/pubmed/26230048
https://doi.org/10.1111/j.1462-2920.2012.02780.x
http://www.ncbi.nlm.nih.gov/pubmed/22616650
https://doi.org/10.1128/mr.54.3.305-315.1990
http://www.ncbi.nlm.nih.gov/pubmed/2215423
https://doi.org/10.1111/j.1751-7915.2008.00079.x
http://www.ncbi.nlm.nih.gov/pubmed/21261915
https://doi.org/10.1139/m76-179
http://www.ncbi.nlm.nih.gov/pubmed/963634
https://doi.org/10.1128/AEM.65.4.1658-1661.1999
https://doi.org/10.1128/AEM.65.4.1658-1661.1999
http://www.ncbi.nlm.nih.gov/pubmed/10103264
https://doi.org/10.1073/pnas.1507380112
http://www.ncbi.nlm.nih.gov/pubmed/26553985
https://doi.org/10.1016/j.marpolbul.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16202430
https://doi.org/10.1007/s10661-013-3438-2
https://doi.org/10.1007/s10661-013-3438-2
http://www.ncbi.nlm.nih.gov/pubmed/24162369
https://doi.org/10.1007/s00128-010-9954-7
https://doi.org/10.1007/s00128-010-9954-7
http://www.ncbi.nlm.nih.gov/pubmed/20224975
https://doi.org/10.1016/j.chemosphere.2012.08.020
https://doi.org/10.1016/j.chemosphere.2012.08.020
http://www.ncbi.nlm.nih.gov/pubmed/22967931
https://doi.org/10.1371/journal.pone.0084297
http://www.ncbi.nlm.nih.gov/pubmed/24416211
https://doi.org/10.1016/j.marpolbul.2015.02.006
https://doi.org/10.1016/j.marpolbul.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25746198
https://doi.org/10.1073/pnas.1703424114
http://www.ncbi.nlm.nih.gov/pubmed/28652349
https://doi.org/10.1128/AEM.03462-16
http://www.ncbi.nlm.nih.gov/pubmed/28283527
https://doi.org/10.1021/acs.est.6b03207
http://www.ncbi.nlm.nih.gov/pubmed/27700058
https://doi.org/10.1016/j.heliyon.2017.e00419
http://www.ncbi.nlm.nih.gov/pubmed/29034339
https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Ecological Effects Research Forum) water accommodated fraction method. Environ Toxicol Chem.
2018; 37(11):2810-9. https://doi.org/10.1002/etc.4263 PMID: 30178489

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. ISME J. 2012; 6(8):1621—4.
https://doi.org/10.1038/ismej.2012.8 PMID: 22402401

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution
sample inference from lllumina amplicon data. Nat Methods. 2016; 13(7):581-3. https://doi.org/10.
1038/nmeth.3869 PMID: 27214047

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013; 41(D1).
https://doi.org/10.1093/nar/gks1219 PMID: 23193283

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007; 73(16):5261—7. https://doi.
org/10.1128/AEM.00062-07 PMID: 17586664

McMurdie PJ, Holmes S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics
of Microbiome Census Data. PLoS One. 2013; 8(4).

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecol-
ogy Package. R package version 2.5-2. CRAN R. 2018.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
Open-Source, Platform-Independent, Community-Supported Software for Describing and Comparing
Microbial Communities. Appl Environ Microbiol [Internet]. 2009 Dec 1; 75(23):7537—41. Available from:
http://aem.asm.org/content/75/23/7537 .abstract. https://doi.org/10.1128/AEM.01541-09 PMID:
19801464

Overton EB, Wade TL, Radovi¢ JR, Meyer BM, Miles MS, Larter SR. Chemical composition of macondo
and other crude oils and compositional alterations during oil spills. Oceanography. 2016; 29(3):50—63.

Shi D, Bera G, Knap AH, Quigg A, Al Atwah |, Gold-Bouchot G, et al. A mesocosm experiment to deter-
mine half-lives of individual hydrocarbons in simulated oil spill scenarios with and without the dispersant,
Corexit. Mar Pollut Bull [Internet]. 2020 Feb; 151:110804. Available from: https:/linkinghub.elsevier.
com/retrieve/pii/S0025326X19309609. https://doi.org/10.1016/j.marpolbul.2019.110804 PMID:
32056599

Morales-McDevitt ME, Shi D, Knap AH, Quigg A, Sweet ST, Sericano JL, et al. Mesocosm experiments
to better understand hydrocarbon half-lives for oil and oil dispersant mixtures. PLoS One. 2020; 15(1).
https://doi.org/10.1371/journal.pone.0228554 PMID: 32004358

Smith JE. “Torrey Canyon” Pollution and Marine Life. Marine Biological Association of the United King-
dom; 1968.

Chakraborty R, Borglin SE, Dubinsky EA, Andersen GL, Hazen TC. Microbial response to the MC-252
oil and Corexit 9500 in the Gulf of Mexico. Front Microbiol. 2012; 3:1-6. https://doi.org/10.3389/fmicb.
2012.00001 PMID: 22275914

Ward DM, Atlas RM, Boehm PD, Calder JA. Microbial biodegradation and chemical evolution of oil from
the Amoco spill. Ambio. 1980; 9(6):277-83.

Ko SH, Lebeault JM. Effect of a mixed culture on co-oxidation during the degradation of saturated
hydrocarbon mixture. J Appl Microbiol. 1999; 87(1):72-9. https://doi.org/10.1046/j.1365-2672.1999.
00797.x PMID: 10432589

Rojo F. Degradation of alkanes by bacteria. Environ Microbiol. 2009; 11(10):2477-90. https://doi.org/
10.1111/j.1462-2920.2009.01948.x PMID: 19807712

Fuentes S, Méndez V, Aguila P, Seeger M. Bioremediation of petroleum hydrocarbons: Catabolic
genes, microbial communities, and applications. Appl Microbiol Biotechnol. 2014; 98(11):4781-94.
https://doi.org/10.1007/s00253-014-5684-9 PMID: 24691868

Mcgenity TJ, Folwell BD, Mckew BA, Sanni GO. Marine crude-oil biodegradation A central role for inter-
species interactions. Aquat Biosyst. 2012; 8(10):1-19. https://doi.org/10.1186/2046-9063-8-10 PMID:
22591596

Stewart FJ, Dalsgaard T, Young CR, Thamdrup B, Revsbech NP, Ulloa O, et al. Experimental Incuba-
tions Elicit Profound Changes in Community Transcription in OMZ Bacterioplankton. Rodriguez-Valera
F, editor. PLoS One [Internet]. 2012 May 16; 7(5):e37118. Available from: https://doi.org/10.1371/
journal.pone.0037118 PMID: 22615914

Doyle SM, Whitaker EA, De Pascuale V, Wade TL, Knap AH, Santschi PH, et al. Rapid formation of
microbe-oil aggregates and changes in community composition in coastal surface water following expo-
sure to oil and the dispersant corexit. Front Microbiol. 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 16/17


https://doi.org/10.1002/etc.4263
http://www.ncbi.nlm.nih.gov/pubmed/30178489
https://doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://aem.asm.org/content/75/23/7537.abstract
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://linkinghub.elsevier.com/retrieve/pii/S0025326X19309609
https://linkinghub.elsevier.com/retrieve/pii/S0025326X19309609
https://doi.org/10.1016/j.marpolbul.2019.110804
http://www.ncbi.nlm.nih.gov/pubmed/32056599
https://doi.org/10.1371/journal.pone.0228554
http://www.ncbi.nlm.nih.gov/pubmed/32004358
https://doi.org/10.3389/fmicb.2012.00001
https://doi.org/10.3389/fmicb.2012.00001
http://www.ncbi.nlm.nih.gov/pubmed/22275914
https://doi.org/10.1046/j.1365-2672.1999.00797.x
https://doi.org/10.1046/j.1365-2672.1999.00797.x
http://www.ncbi.nlm.nih.gov/pubmed/10432589
https://doi.org/10.1111/j.1462-2920.2009.01948.x
https://doi.org/10.1111/j.1462-2920.2009.01948.x
http://www.ncbi.nlm.nih.gov/pubmed/19807712
https://doi.org/10.1007/s00253-014-5684-9
http://www.ncbi.nlm.nih.gov/pubmed/24691868
https://doi.org/10.1186/2046-9063-8-10
http://www.ncbi.nlm.nih.gov/pubmed/22591596
https://doi.org/10.1371/journal.pone.0037118
https://doi.org/10.1371/journal.pone.0037118
http://www.ncbi.nlm.nih.gov/pubmed/22615914
https://doi.org/10.1371/journal.pone.0263420

PLOS ONE

Mesopelagic microbial response to increasing oil and dispersant concentrations

49.

50.

51.

52.

53.

Doyle SM, Lin G, Morales-McDevitt M, Wade TL, Quigg A, Sylvan JB. Niche Partitioning between
Coastal and Offshore Shelf Waters Results in Differential Expression of Alkane and Polycyclic Aromatic
Hydrocarbon Catabolic Pathways. Mason O, editor. mSystems [Internet]. 2020 Aug 25; 5(4). Available
from: https://msystems.asm.org/content/5/4/e00668-20. https://doi.org/10.1128/mSystems.00668-20
PMID: 32843540

Mason OU, Han J, Woyke T, Jansson JK. Single-cell genomics reveals features of a Colwellia species
that was dominant during the Deepwater Horizon oil spill. Front Microbiol [Internet]. 2014 Jul 8; 5
(JULY). Available from: http://journal.frontiersin.org/article/10.3389/fmicb.2014.00332/abstract. https://
doi.org/10.3389/fmicb.2014.00332 PMID: 25071745

Redmond MC, Valentine DL. Natural gas and temperature structured a microbial community response
to the Deepwater Horizon oil spill. PNAS [Internet]. 2012; 109(50):20292—7. Available from: http://www.
pnas.org/cgi/doi/10.1073/pnas.1108756108. PMID: 21969552

Singer E, Webb EA, Nelson WC, Heidelberg JF, lvanova N, Pati A, et al. Genomic potential of Marino-
bacter aquaeolei, a biogeochemical “Opportunitroph.” Appl Environ Microbiol. 2011; 77(8):2763—-71.
https://doi.org/10.1128/AEM.01866-10 PMID: 21335390

Valentine DL, Mezi¢ I, Macesi¢ S, Crnjarié-Zic N, lvi¢ S, Hogan PJ, et al. Dynamic autoinoculation and
the microbial ecology of a deep water hydrocarbon irruption. Proceedings of the National Academy of
Sciences of the United States of America. 2012. https://doi.org/10.1073/pnas.1108820109 PMID:
22233808

PLOS ONE | https://doi.org/10.1371/journal.pone.0263420 February 23, 2022 17/17


https://msystems.asm.org/content/5/4/e00668-20
https://doi.org/10.1128/mSystems.00668-20
http://www.ncbi.nlm.nih.gov/pubmed/32843540
http://journal.frontiersin.org/article/10.3389/fmicb.2014.00332/abstract
https://doi.org/10.3389/fmicb.2014.00332
https://doi.org/10.3389/fmicb.2014.00332
http://www.ncbi.nlm.nih.gov/pubmed/25071745
http://www.pnas.org/cgi/doi/10.1073/pnas.1108756108
http://www.pnas.org/cgi/doi/10.1073/pnas.1108756108
http://www.ncbi.nlm.nih.gov/pubmed/21969552
https://doi.org/10.1128/AEM.01866-10
http://www.ncbi.nlm.nih.gov/pubmed/21335390
https://doi.org/10.1073/pnas.1108820109
http://www.ncbi.nlm.nih.gov/pubmed/22233808
https://doi.org/10.1371/journal.pone.0263420

