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Abstract: This study evaluated the effects of three commercial dispersants (Finasol OSR 52, Slickgone
NS, Superdispersant 25) and three biosurfactants (thamnolipid, trehalolipid, sophorolipid) in crude-
oil seawater microcosms. We analysed the crucial early bacterial response (1 and 3 days). In contrast,
most analyses miss this key period and instead focus on later time points after oil and dispersant
addition. By focusing on the early stage, we show that dispersants and biosurfactants, which reduce
the interfacial surface tension of oil and water, significantly increase the abundance of hydrocarbon-
degrading bacteria, and the rate of hydrocarbon biodegradation, within 24 h. A succession of obligate
hydrocarbonoclastic bacteria (OHCB), driven by metabolite niche partitioning, is demonstrated.
Importantly, this succession has revealed how the OHCB Oleispira, hitherto considered to be a
psychrophile, can dominate in the early stages of oil-spill response (1 and 3 days), outcompeting all
other OHCB, at the relatively high temperature of 16 °C. Additionally, we demonstrate how some
dispersants or biosurfactants can select for specific bacterial genera, especially the biosurfactant
rhamnolipid, which appears to provide an advantageous compatibility with Pseudomonas, a genus in
which some species synthesize rhamnolipid in the presence of hydrocarbons.
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1. Introduction

Oil spills have been one of the primary inputs of pollution into the marine environ-
ment since the turn of the 20th century, when large oil tankers became prominent [1].
The extraction, processing, and transportation of oil continues to increase, and new oil
fields are regularly being discovered [2]. Despite the COVID-19 pandemic, recent forecasts
predict that global production and consumption of oil will return to pre-COVID-19 levels
of ~100 million barrels per day by mid-2021 [3]. Thus, oil pollution remains a significant
threat to marine ecosystems, tourism, and fisheries.

A key remediation tool in response to oil pollution is the application of dispersants [4].
The active surfactants within dispersants transform oil into small, stable droplets [5,6].
These oil droplets are transported from the surface into the water column, creating an
oil-in-water emulsion, increasing oil surface area [6], and thus increasing bioavailability to
hydrocarbon-degrading microbes [7]. The Deepwater Horizon oil spill in 2010 stimulated a
new wave of research into dispersant use, when approximately 10 million litres of Corexit
9500A /9527 were applied during the incident (35% subsea at the wellhead and 65% on
the surface) [8]. The objective during the Deepwater Horizon oil spill was to limit impact
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to surrounding coastlines, and evidence supports the general success of this strategy,
with a delay in oil reaching the surface [9,10]. However, the use of dispersants as a form
of oil-spill remediation remains a source of contention. While several studies suggest
that dispersants enhance the growth of hydrocarbon-degrading bacteria (HCB) [11-14]
and increase biodegradation [15,16], other studies show that dispersants do not enhance
biodegradation [17,18] or may even inhibit the growth of HCB [19,20]. Ultimately, the
environmental impact and fate of an oil spill are among the main considerations of the Spill
Impact Mitigation Assessment (SIMA, [21]) process during decision making for incident
response. Balancing the trade-offs of different scenarios must be considered, for example,
between the predicted effects of leaving oil on the water surface, versus dispersing oil into
the water column and potentially to the seabed, which is often considered preferential
to allowing oil to transfer to coastlines, particularly when these include environmentally
sensitive areas.

Dispersants are generally comprised of a mixture of surface-active surfactants (non-
ionic (e.g., Tween 80) and anionic (e.g., dioctyl sodium sulfosuccinate), constituting 1-50%)
and solvents (e.g., kerosene or glycol ether, constituting >50%) [22], though exact compo-
sitions are proprietary information. Many dispersants are used globally, and countries
have different products stockpiled in case of an oil spill. Dispersants are widely tested for
effectiveness and toxicity, for example, the United Kingdom has approval schemes that
authorize the stockpiling and application of dispersants such as Finasol OSR 52, Slickgone
NS, and Superdispersant 25 [23].

Additionally, there are many biosurfactants, each with a variety of potential appli-
cations [24-26], though the cost of producing biosurfactants restricts their application
to very specific clean-up operations. However, since biosurfactants are one of the most
in-demand biotechnological compounds, promising strategies for lower-cost production
are emerging [27]. Oil-spill remediation potential of biosurfactants, as well as their ef-
fects on bacterial community composition, remains relatively understudied, and so also
merits investigation alongside commonly used commercial dispersants. Biosurfactants
are synthesized naturally by many microorganisms and consist of a polar (hydrophilic)
moiety and non-polar (hydrophobic) group. Rhamnolipids have either 1 or 2 sugar(s)
glycosylated to a 3-hydroxy (3-hydroxy) fatty acid [28]. Sophorolipids generally consist
of di-saccharide (2-O-f-o-glucopyranosyl-f3-D-glucopyranose) derivatives, each linked to
a hydroxy fatty acid [29]. Trehalolipids structures are variable but generally consist of a
non-ionic acylated derived trehalose sugar glycosylated to a mono-, di-, or tri-fatty acid [30].
Most hydrocarbon-degrading microorganisms are known to produce biosurfactants that
assist in the emulsification of hydrocarbons [31,32].

It remains unclear how the different compositions of commercial dispersants and
biosurfactants may affect bacterial community composition and abundance, and thus
biodegradation rates. Therefore, we tested the effects and efficacy of three of the most
widely stockpiled commercial dispersants (Finasol OSR 52 (TOTAL), Slickgone NS (Dasic
International Ltd.), and Superdispersant 25 (Oil Technics)) in seawater microcosms. Whilst
exact compositions are proprietary information, all three tested dispersants contain between
0.2% and 10% dioctyl sodium sulfosuccinate, varying proportions of non-ionic surfactants,
and solvents (e.g., kerosene and 2-butoxyethanol) from <10% to >50% [33-35]. Additionally,
we tested three biosurfactants, selected based on their range of structures and potential
for commercial application: rhamnolipid isolated from Pseudomonas aeruginosa (15% active
ingredient in 85% distilled water; JBR-215, Jeneil Biosurfactant Company), sophorolipid
from the yeast Candida spp. (15% active ingredient in 85% distilled water; Sigma), and
trehalolipid from Rhodococcus sp. strain PML026 (100% active ingredient; [36]). Seawater
was sampled from a fully saline, coastal region, at the mouth of the Thames Estuary
(see Supplementary Figure S1 and full site description in Materials and Methods). The
sampling site is therefore representative of similar coastal regions that are both typically rich
in nutrients and often subject to oil contamination and occasional large spills (particularly
in the UK and Europe, [37]). Dispersants have been applied in estuaries in the past [38,39],
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and there is continued research into their sustained use in coastal environments [40].
However, with strict guidelines regarding dispersant toxicity, which could potentially
damage sensitive coastal environments, they are not always adopted. Though, in some
cases, dispersants could provide a net environmental benefit in coastal areas by diluting
oil concentrations impacting the coast, with no long-term toxicity effects to coastal species
associated with dispersant application [41]. It has been demonstrated that certain species
of hydrocarbon-degrading bacteria will produce enough biosurfactant to reduce interfacial
surface tension between oil and water between 24 and 48 h [42,43]. We hypothesized
significant positive effects, by those dispersants and biosurfactants that can efficiently
decrease the interfacial surface tension between oil and water, on both bacterial growth
and hydrocarbon biodegradation. This effect would be seen in the early stages (by day 1)
before microbes can synthesize their own surfactants and when macronutrients are not
limiting. We additionally aimed to uncover whether different dispersant or biosurfactant
formulations may select for different hydrocarbon-degrading communities.

2. Materials and Methods
2.1. Sampling Site

Seawater was sampled from the Thames Estuary (Supplementary Figure S1), Earls
Hope saltmarsh, Stanford le Hope, Essex, UK (51°30" N, 0°27 E). The Thames is one of the
UK's largest rivers and has over 50 tributaries that drain a diverse catchment, including
agricultural and industrial land, and the most highly urbanized area of the UK. The
sampling site is a fully saline, coastal region, at the mouth of the hypernutrified Thames
Estuary, which is subject to heavy shipping traffic from the DP World London Gateway
(deep-sea container port, opened November 2013) and oil/gas storage and transport
facilities. Previously, the sampling site was near two oil refineries (closed in 1999 and
2012). Due to heavy shipping traffic, and the transport and storage of oil, the sampling site
is likely exposed to constant inputs of petroleum hydrocarbons. Samples were taken in
November 2017 at high tide from the sea surface (13.8 °C, 35.1 PSU, pH 8.39).

2.2. Microcosm Design and Sampling

Microcosms were created based on ten treatments (Supplementary Materials Table S1)
using sterile 40 mL glass vials with PTFE-lined silicon septa. Treatments were destructively
sampled in triplicate over a series of time points (1, 3, 7, 14, 21 days), ensuring samples
were temporally independent. Each 40 mL microcosm (excluding seawater only) contained
20 mL of seawater which was supplemented with nutrients (final concentrations of 300 uM
NH4CI and 20 uM K, HPQy); this allowed us to control for nutrient limitation and evaluate
microbial response to oil/dispersants in the early phase. The sampling site is subjected
to large annual inputs of dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorous (DIP) from the river Thames [44] and the nutrient loadings are representative
of background nitrogen and phosphorous concentrations recorded at the sampling site
at other times [45]. The oil (0.1% v/v final concentration) was a Norwegian Geochemical
Standard, North Sea Oil (NSO-1; Norwegian Petroleum Directorate, Stavanger, Norway),
that had previously been weathered (distilled at 69 °C, which is the boiling point of hexane
and thus removes the most volatile components of crude oil). Oil was added to microcosms
by reverse-pipetting and time-zero samples were analysed to ensure consistent oil loadings,
which consistently added 45.50 and 4.38 pg mL~! 4 7% of resolvable alkanes and PAHs,
respectively. The dispersants were Slickgone NS, Superdispersant 25, and Finasol OSR 52
added to an industry standard (0.005% v/v), creating a ratio of 20:1 oil to dispersant [46].
The biosurfactants were rhamnolipid, sophorolipid, and trehalolipid, and were also added
at a final concentration of 0.005% v/v to create the same ratio, based on the percentage
of active ingredient. Killed controls (seawater and oil microcosms with 1.1049 mM of
added HgCly) were also sampled at each time point to monitor abiotic hydrocarbon loss.
All microcosms were incubated on a rotary shaker at 100 RPM at 16 °C, replicating summer
environmental conditions in the Thames Estuary.
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2.3. Surface Tension

Surface tension of seawater, and any changes due to the addition of dispersants or
biosurfactants, was measured on a KRUSS Force Tensiometer K6 using the Du Noiiy ring
method [47]. Briefly, this involved lowering a platinum ring to just below the water’s
surface, applying tension until the water’s surface breaks, at which point a measurement
of the force required was recorded. To avoid contamination, surface tension was measured
in independent seawater microcosms (20 mL), with dispersant or biosurfactants added at
the same concentration used in the incubation microcosms.

2.4. Hydrocarbon Degradation (GC-MS)

Hydrocarbons were extracted from the seawater microcosms (18 mL, after 2 mL was
removed for DNA analysis) by vigorously shaking in 6 mL hexane:dichloromethane (1:1)
followed by 30 min in an ultrasonic water bath. Deuterated alkane (nonadecane Cy9dyp and
triacontane C3odgy at 10 pg mL~!) and PAH (naphthalene-Cjpdg and anthrancene-Cy4d;
at 10 ug mL™') internal standards were added to each sample and quantification was
performed on an Agilent (Cheadle, UK) 7890A Gas Chromatography system coupled with
a Turbomass Gold Mass Spectrometer with a Triple-Axis detector, operating at 70 eV in the
positive ion mode, using conditions as previously described by Coulon et al. [45]. External
multilevel calibrations were carried out using alkanes (Standard Solution (Cg—Cyg); Sigma,
Welwyn Garden City, UK), methylated-PAHs (1-methylnapthalene, 2-methylanthracene,
and 9,10-dimethylanthracene; Sigma), and PAH (QTM PAH Mix; Sigma) standards, the
concentrations of which ranged from 1.125 to 18 g mL~!. For quality control, a 2.0 ng pL !
diesel standard solution (ASTM C1,-Cgp quantitative, Supelco, Welwyn Garden City, UK)
and a 1.0 ng pL.~! PAH Mix Standard solution (Supelco) were analysed every 15 sam-
ples. Variation in the reproducibility of extraction and quantification of water samples
was determined by successive extractions and injections (1 = 6) of the same sample and
estimated to be + 8%. Extraction efficiency was measured at 89% (10% of this was to
account for the 2 mL (of the 20 mL seawater microcosms) removed for DNA extraction
after homogenization). All alkanes between Cjg and Cs4 including pristane and phytane
and the following PAHs were quantified (naphthalene; all isomers of methyl-, dimethyl-
and trimethyl-naphthalenes; acenaphthylene; acenaphthene; fluorene; phenanthrene; all
isomers of methyl- and dimethyl-phenanthrenes/anthracenes; fluoranthene; pyrene; all
isomers of methyl- and dimethyl-pyrene; chrysene; all isomers of methyl- and dimethyl-
chrysene). Only those hydrocarbons detected are shown in Figure S3.

2.5. gPCR Analysis of Bacterial 16S rRNA Genes

At each time point, samples were vigorously shaken to allow dispersion of microcosm
contents throughout, prior to 2 mL being sampled for DNA extraction. The 2 mL sample was
centrifuged at 21,100 x g for 20 min, leaving a cell pellet in the collection tube. The 2 mL super-
natant was removed and stored for nutrient analysis (see Section 2.6). DNA was extracted from
cell pellets using a DNeasy PowerSoil Kit (Qiagen, Manchester, UK), according to the manufac-
turer’s instructions. DNA extracts were frozen at —20 °C for downstream analysis, including
gPCR (to monitor total bacterial biomass) and amplicon library sequencing (to evaluate bacte-
rial community composition). The primers used for quantification of bacterial 16S rRNA gene
were 341f —CCTACGGGNGGCWGCAG and 785r—GACTACHVGGGTATCTAATCC [48].
All qPCR reactions were performed using a CFX384™ Real-Time PCR Detection System (Bio-
Rad, Watford, UK) with a PCR using reagents, cycle conditions, and standards as previously
described [49]. Inspection of standard curves showed that all assays produced satisfactory
efficiency (91%) and R? values (>0.99).

2.6. Nutrient Concentration

Nutrient analysis was conducted on all samples to determine concentrations of am-
monium (NHy*) and phosphate (PO4%~) using a SEAL Analytical AA3 HR AutoAnalyzer
tandem JASCO FP-2020 Plus fluorescence detector.



Microorganisms 2021, 9, 1200

50f23

2.7. Amplicon Sequencing and Bioinformatics

Amplicon libraries were prepared, as per Illumina instructions, by a 25-cycle PCR. PCR
primers were the same as those used for qPCR but flanked with Illumina Nextera overhang
sequences. A unique combination of Nextera XT Indices (Illumina, Cambridge, UK) were
added to PCR products from each sample, via an 8-cycle PCR. PCR products were quantified
using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (ThermoFisher Scientific, Dartford, UK)
and pooled in equimolar concentrations. Quantification of the amplicon libraries was deter-
mined via NEBNext® Library Quant Kit for [llumina (New England BioLabs Inc., Hitchin,
UK), prior to sequencing on the Illumina MiSeq® platform (Illumina, Cambridge, UK), using
a MiSeq® 600 cycle v3 reagent kit and 20% PhiX sequencing control standard. Raw sequence
data have been submitted to the European Nucleotide Archive database under accession
number PRJEB37243. Sequence output from the Illumina MiSeq platform were analysed
within R [50] using an ASV (amplicon sequence variants) bioinformatics pipeline within the
DADAZ2 package [51]. The DADA2 pipeline included primer trimming, quality filtering,
error correction and sample inference (using the DADAZ2 algorithm at default parameters
and pooling of samples), and removal of chimeras. Finally, taxonomy assignments for ASVs
were obtained using the RDP (Ribosomal Database Project) classifier [52].

2.8. Phylogenetic Analysis

The Neighbour-Joining protocol [53] was used to infer the evolutionary history of par-
tial 165 rRNA gene sequences bacterial ASVs, aligned with known hydrocarbon-degrading
bacteria and closest neighbouring accessions using MUSCLE [54]. Bootstrapping analy-
sis (1000 iterations) was conducted to determine the percentage of time associated taxa
clustered together in replicate trees [55]; only bootstrap values >70% are shown. Evolu-
tionary distances, units in the number of base substitutions per site, were calculated with
the use of Maximum Composite Likelihood protocol (using the Tamura-Nei model [56]).
Phylogenetic analyses were conducted in MEGA?7.

2.9. Statistical Analysis

Data were first tested for normality (Shapiro-Wilks test); those data which were
normally distributed were tested for significance with ANOVAs or appropriate linear mod-
els. Non-normally distributed data were analysed using appropriate GLMs (Generalized
Linear Models) as follows. The relative abundance of ASVs or genera in relation to oil
exposure, dispersant/biosurfactant, and time were modelled using multivariate negative
binomial GLMs [57]. Here, the number of sequences in each library was accounted for
using an offset term, as described previously [58]. The abundance of bacterial 165 rRNA
gene copies was also modelled using negative binomial GLMs [59]. The significance of
model terms was assessed via likelihood ratio tests. The Ecological Index of Hydrocarbon
Exposure (EIHE) [60] was calculated using the script available at the ecolFudge GitHub
page (https:/ /github.com/Dave-Clark/ecolFudge (accessed on 18 May 2020)) [61], and
EIHE values modelled using poisson GLMs. Co-occurrence analysis was conducted by net-
work analysis using the SPIEC-EASI algorithm [62]. To make this analysis computationally
tractable and biologically interpretable, the total bacterial ASV table was filtered to ASVs
confidently (RDP classifier confidence >0.8) assigned to putative hydrocarbon-degrading
genera specified in the EIHE [60]. ASVs assigned to several other genera (Colwellia, Arcobac-
ter, Glaciecola, Marinomonas, Zhongshania, Neptuniibacter, and Alkalimarinus) that are not
included in this index were also included, based on strong evidence for a direct or indirect
role in hydrocarbon degradation. For this analysis, unnormalised data were used, as the
SPIEC-EASI algorithm applies its own internal log ratio transformation to normalize ASV
counts. Network inference was conducted using the neighbourhood selection framework
(50 permutations). The network was clustered, using a fast-greedy clustering algorithm, to
reveal any modules (smaller groups of ASVs with dense connections within the group, and
few between groups). Additionally, the extent to which ASVs co-occurred with other ASVs
in the same genus was evaluated by quantifying taxonomic assortativity. An assortativity


https://github.com/Dave-Clark/ecolFudge

Microorganisms 2021, 9, 1200

60f23

Concentration of Total Alkanes

1

(Mg mL of Seawater)

coefficient quantifies whether nodes in a network tend to connect with other nodes that
share properties (such as taxonomy), and ranges from —1 (disassortativity—ASVs never
associate with others in the same genus) to 1 (assortativity—ASVs only ever associate with
others in the same genus).

All statistical analyses were carried out in R3.6.1 [50] using a variety of packages avail-
able through the references [59,63-73]. All plots were constructed using the “ggplot2” [74]
and “patchwork” [75] R packages.

3. Results
3.1. Effects of Dispersants and Biosurfactants on the Surface Tension of Seawater

The addition of dispersants and biosurfactants significantly reduced the surface ten-
sion of the seawater (initial value, 69.66 + 0.24 mN m~!; Supplementary Figure S2).
There was a reduction in the surface tension of seawater to 60.33 & 1.25 mN m~! when
sophorolipid was added (Supplementary Figure S2), but a much greater effect (coef. = 35.66,
t = 82.18, p < 0.001) was observed with all other dispersants and biosurfactants which
reduced the surface tension to between 28 and 34 mN m~ 1.

3.2. Effects of Dispersants and Biosurfactants on Hydrocarbon Concentrations

Immediately after adding NSO-1 crude oil, the concentration of n-alkanes (Cj, to
Cy) plus branched alkanes (pristane and phytane) was 50.59 (4-3.41) ug mL~! (Figure 1)
and that of PAHs (mainly naphthalene, anthracene, phenanthrene and their methylated
derivatives) was 4.37 (£1.09) ug mL~! (see Supplementary Figure S3 for full oil compo-
sition). At day 1, no significant biodegradation of either alkanes or PAHs was observed
in the oil-only controls or in microcosms treated with sophorolipid. In contrast, the addi-
tion of dispersants and the other two biosurfactants significantly enhanced total alkane
biodegradation relative to both the time-zero controls (21-42% reduction; coef. = —0.75,
t = —3.85, p <0.01) and the oil-only controls (20-38% reduction; coef. = —0.56, t = —3.13,
p < 0.05). There was no significant (p > 0.05) reduction in the concentration of any PAHs in
any treatments at day 1.

T
50- _
1 T T
G r
40+ *%
Rl I
I *k%k
30+ I
204
10+
31% 20% 21% 27% 38%
0 35% || 21% || 26% || 32% || 42%
< N Q N ,\‘2‘ rf? 951/ o
0,\9 %OQ -\Q;o ~\Q’Q~ N " .\‘b%
<& 9 o o o ogtr > o
Treatment

Figure 1. Total alkane concentrations (mean & SE, n = 2) at day 1. Blue (upper) percentages (and asterisks) represent
degradation in comparison to the oil-only control. Black (lower) percentages (and asterisks) represent degradation in
comparison to starting concentration (“Time Zero”). Dispersant and biosurfactant codes are as follows: SP = sophorolipid,
RL = rhamnolipid, TH = trehalolipid, SD25 = Superdispersant 25, F52 = Finasol OSR 52, and SG = Slickgone NS. *** p < 0.001,

**p<0.01,and * p < 0.05.
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By day 3, the total concentration of alkanes had decreased further; however, there
were no significant differences between any treatments, as biodegradation in the oil-only
controls and sophorolipid treatments matched those in all other treatments. By day 7, the
reduction in total alkane concentration was on average >80%, increasing further to 96-100%
by day 14. PAH-biodegradation did not differ significantly throughout the experiment in
any treatments, but total concentration reduced on average by 88% by day 7 and by 92%
by day 14. All losses are attributed to biodegradation, as no abiotic losses were observed in
the killed controls.

3.3. Effects of Oil and/or Dispersants/Biosurfactants on Bacterial Community Composition
and Abundance

To quantify the effects of dispersants and biosurfactants, when applied to oil- con-
taminated microcosms, on bacterial abundance, diversity, and community composition,
bacterial 165 rRNA genes were analysed by qPCR and amplicon library sequencing. High-
throughput 16S rRNA sequencing resulted in an average of 12,836 (range 717-177,558)
sequence reads per sample for Bacteria. At day 1, the bacterial 165 rRNA gene abundance
had significantly increased (coef. = 1.46, t = 4.83, p < 0.001) in all treatments containing
dispersants or biosurfactants (except sophorolipid) in comparison to the oil-only controls
(ranging from 4-fold (trehalolipid) to 17-fold (thamnolipid); Figure 2A,B). Additionally,
those dispersants and biosurfactants which significantly reduced the interfacial surface
tension between oil and water stimulated a significant increase (14-32%) in the relative
abundance of 165 rRNA genes assigned to obligate hydrocarbonoclastic bacteria (OHCB)
relative to the oil-only and sophorolipid treatments (which remained in the region of 2-3%)
(Figure 2B). Energy and carbon for OHCB comes almost exclusively from hydrocarbons
and the OHCB exhibit the “BIOLOG anomaly”, in that they grow on only two of the 95
BIOLOG substrates (Tween 40 and Tween 80) [76]. Whilst some pure cultures of OHCB
have been demonstrated to grow on a few non-hydrocarbon substrates [77,78] we refer to
them hereafter as OHCB to distinguish between these highly competitive hydrocarbon de-
graders and those more metabolically diverse bacteria, which potentially can also degrade
hydrocarbons. It should be noted that the 165 rRNA phylogenetic distance between ASVs
and known OHCB is not a guarantee that those ASVs are themselves OHCB. However, for
the purposes of this study, they are assumed so. The increase in OHCB by day 1 resulted in
distinct bacterial communities in all dispersant and biosurfactant treatments in comparison
to the oil-only controls and sophorolipid treatments (Supplementary Figure S4). From
day 3 onwards, bacterial 165 rRNA gene abundance in the oil-only controls increased to
levels comparable to those in dispersant and biosurfactant treatments (Figure 2A). Bacte-
rial communities in the oil-only and sophorolipid treatments remained distinct from the
other treatments at day 3 until becoming similar by day 7 and thereafter (Supplementary
Figure S4). The plateau of bacterial growth at day 3 is strongly correlated (0.86 R? to
0.99 R?, p < 0.001) to the nearly complete reduction in ammonia (—99% by day 1). Phos-
phorus was reduced across all treatments by —53% by day 1 and by —78% by day 21
(Supplementary Figure S5).

Increases in the absolute abundance of Bacteria were driven by increases in the relative
abundance of particular ASVs. In addition to known OHCB, key ASVs were investigated
based on increases in relative abundance across multiple treatments, or selection by specific
dispersants or biosurfactants (Figure 3).
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Figure 2. Bacterial 16S rRNA gene abundance (mean =+ SE, n = 3) over a 21 day period for total bacteria (A) and at day 1
only, for total bacteria and proportion (percentage figures) of obligate hydrocarbonoclastic bacteria (B). OHCB sequences

are defined as from the genera: Alcanivorax, Cycloclasticus, Oleibacter, Oleispira, Thalassolituus. All microcosms contained

seawater, nutrients, and oil (NSO-1 0.1% v/v), and some also contained additional dispersants or biosurfactants (0.005% v/v;

20:1 ratio of oil). Dispersant and biosurfactant codes are as follows: SP = sophorolipid, RL = thamnolipid, TH = trehalolipid,
SD25 = Superdispersant 25, F52 = Finasol OSR 52, and SG = Slickgone NS. Asterisks above percentage figures indicate
significant differences in mean OHCB relative abundance compared to the oil-only control (*** p < 0.001).

Oleispira and Thalassolituus 165 rTRNA gene amplicons increased in relative abun-
dance at day 1 and 3, respectively, followed by increases in Alcanivorax and Cycloclasticus
sequences at day 7 (Figure 4A). This pattern of succession was consistent across all treat-
ments, though the timing of increase was different between treatments (for example, growth
of Oleispira was less in treatments containing rhamnolipid). OHCB growth developed
later in the oil-only controls and sophorolipid treatments, corresponding with delayed
alkane biodegradation. At day 1, 165 rRNA gene amplicons from the alkane-degrading
genus Oleispira (represented by ASV4 and ASV9, Figures 3 and 4A) had significantly in-
creased in relative abundance to 14-25%, from background levels (3%), in microcosms
containing Finasol OSR 52, Slickgone NS, Superdispersant 25, and trehalolipid (coef. = 0.14,
t =4.23, p < 0.05). By day 3, Oleispira 165 rTRNA gene amplicons had also increased in the
oil-only controls (to 40%) and sophorolipid treatment (to 34%) to levels found in all other
treatments. 16S rRNA gene amplicons from the alkane-degrading genus Thalassolituus
(represented by ASV6, Figures 3 and 4A) increased in all treatments by day 3, although the
relative abundance was significantly higher in the oil-only controls (16%) and sophorolipid
(15%) treatments (coef. = 11.89, t = 4.16, p < 0.05). 16S rRNA gene amplicons from the
alkane-degrading genus Oleibacter (represented by ASV51, Figures 3 and 4A) grew in
numerous treatments, and though its relative abundance remained comparatively low
throughout (0-6%), larger increases were observed in the oil-only controls. By days 7
or 14 (depending on the treatment) and through to day 21, 16S rRNA gene amplicons
from the alkane-degrading Alcanivorax (represented by ASV1, Figures 3 and 4A) and the
PAH-degrading Cycloclasticus (represented by ASVs 3,17, 22, and 38, Figures 3 and 4A)
became the most dominant OHCB in all treatments (representing 8-42% and 5-16% at days
14 and 21, respectively).
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Figure 3. Unrooted Neighbour-Joining phylogeny based on 165 rRNA gene sequences from representative bacterial ASVs

which increased in relative abundance in microcosms containing seawater, nutrients, oil (NSO-1 0.1% v/v), and additional

dispersants or biosurfactants (0.005% v/v; 20:1 ratio to oil) compared with oil-only. ASV sequences are aligned with

known hydrocarbon-degrading bacteria and closest relatives; bootstrap values >70 displayed (1000 iterations). Evolutionary

distances computed by Maximum Composite Likelihood protocol (using the Tamura-Nei model (Tamura and Nei, 1993)),

sum of branch length = 1.42. Analysis involved 85 nucleotide sequences (including 29 ASVs and 66 related strains), with

a total of 258 positions in the final dataset. Evolutionary analyses were conducted in MEGA?7. Percentage figures in

parentheses next to individual ASVs display the relative abundance of that sequence within the assigned genus. Horizontal

bars (right of clades) represent the proportion of sequences assigned to ASVs within the clade in the different treatments

(see colour key) over all time points (excluding day zero). Percentage figures next to horizontal bars show the maximum

relative abundance reached for ASVs within that clade in any treatment at any time point (excluding day zero; see additional

figures for treatment-specific bacterial succession). Vertical bars (right of percentage figures) represent OHCB (black),

genera where some isolates have grown on hydrocarbons (grey), and genera that have increased in relative abundance in

oil-contaminated environments, but no isolates have been shown to degrade hydrocarbons (white).
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Figure 4. Relative abundance (% of the bacterial community; mean + SE, n = 3) of 165 rRNA gene sequences within ASVs

assigned to obligate hydrocarbonoclastic bacteria (A), and bacteria that were abundant (and are often associated with

hydrocarbon degradation; see Supplementary Table S2) (B), over a 21 day period. All microcosms contained seawater,

nutrients, and oil (NSO-1 0.1% v/v), and some also contained additional dispersants or biosurfactants (0.005% v/v; 20:1

ratio of oil). Dispersant and biosurfactant codes are as follows: SP = sophorolipid, RL = rhamnolipid, TH = trehalolipid,
SD25 = Superdispersant 25, and F52 = Finasol OSR 52, SG = Slickgone NS.

ASVs assigned to more metabolically versatile bacteria had more between-treatment
variability compared to ASVs assigned to OHCB. These genera contain species that have
been shown to degrade hydrocarbons, and/or that have been observed to increase in
abundance in oil-contaminated marine environments (Supplementary Table S2). However,
like many prior studies (Supplementary Table S2) it cannot always be assumed that such
genera are degrading hydrocarbons, although large increases in relative abundance may
often suggest that this is the case. Pseudomonas 165 rRNA gene amplicons (represented by
ASVs 13, 24, and 30, Figures 3 and 4B) increased in relative abundance in most treatments by
days 1 and 3 and remained above background levels (~0.09%) across all treatments (1-4%)
by day 21. Additionally, there was a selection for Pseudomonas in Finasol OSR 52, and more
so rhamnolipid, treatments, where significant increases in relative abundance (coef. = 0.12,
t =4.13, p < 0.05) were observed by days 3 (4-6%), 7 (4-7%), and 14 (6-7%). In addition,
the patterns of increase in the genera Arcobacter, Colwellia, Glaciecola, Marinomonas, and
Pseudoalteromonas are shown in Figure 4B, their capacity for hydrocarbon degradation
referenced in Supplementary Table S2, and their phylogenetic position of representative
ASVs in Figure 3. Furthermore, the genera Alkalimarinus, Neptuniibacter and Zhongshania
significantly increased in relative abundance in trehalolipid, Superdispersant 25, and
rhamnolipid treatments, respectively (Supplementary Figure S6).
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The Ecological Index of Hydrocarbon Exposure (EIHE), which quantifies the propor-
tion of the bacterial community with hydrocarbon biodegradation potential [60], signif-
icantly increased (coef. = 0.37, t = 4.43, p < 0.01) at day 1 in oil microcosms containing
Superdispersant 25 (0.54), rhamnolipid (0.58), and Finasol OSR 52 (0.59) in comparison
to day zero (0.05) and to the oil-only controls (0.15), and sophorolipid treatments (0.14)
(Supplementary Figure S7). By day 3, the index measured in the oil-only controls and
sophorolipid treatments had increased significantly (0.61-0.68; coef. = 0.48, t = 5.87,
p <0.001) from day 1. By Day 7, there is a decrease in the EIHE in all treatments apart from
those containing rhamnolipid and Superdispersant 25, which demonstrate an increase in
the EIHE. By day 21, the index ranged from 0.42 to 0.66 across all treatments, remaining
well above the index at day zero (0.05) prior to oil addition.

3.4. Effects of Oil and/or Dispersants/Biosurfactants on Bacterial Community Dynamics

The ASV table was filtered to ASVs confidently identified as belonging to possi-
ble hydrocarbon-degrading genera (as defined by the EHIE index [60]). Network con-
struction revealed co-occurrences between taxa that were largely dominated by positive,
rather than negative, co-occurrences (Supplementary Figure S8A). ASVs in the network
co-occurred with 5.55 others on average, as shown by the network node degree distribution
(Supplementary Figure S8B). Clustering of the network revealed 20 modules, with each
module consisting of between 2 and 30 ASVs. The network had an overall modularity score
0.37, indicating that ASVs in the network formed sub-communities of co-occurring ASVs.
One feature of many of the modules was the dominance of ASVs from specific genera
(Figure 5). For example, module 17 was composed entirely of Vibrio ASVs that positively
co-occurred with each other, whilst modules 3, 7, 11, 12, and 13 had high proportions of
Arcobacter, Thalassolituus, Pseudomonas, Glaciecola, and Oleispira ASVs, respectively. The
propensity of ASVs within a genus to co-occur with others from the same genus is referred
to as taxonomic assortativity. Our network had a taxonomic assortativity coefficient of 0.21,
indicating positive assortativity. We tested the association between an ASV’s genus and
its module using a Fisher test, revealing ASVs from different genera were not randomly
distributed between modules, further supporting the role of taxonomic assortativity in our
network. Examination of the total relative abundance (as a fraction of the hydrocarbon-
degrading proportion of the bacterial community) revealed that many modules showed
distinct treatment or successional peaks in abundance (Figure 6). Module 10 (47% Pseu-
doalteromonas ASVs), module 13 (69% Oleispira ASVs), and module 17 (100% Vibrio ASVs)
were more abundant early in the experiment, peaking in abundance during days 1 and 3,
and for Vibrio day 7. In contrast, modules 5 (12% Alcanivorax and 24% Pseudomonas ASVs)
and 11 (24% Cycloclasticus and 65% Pseudomonas ASVs) peaked later in the experiment,
supporting the successional trends observed at the individual genus level. Whilst ASVs
within modules were predominantly connected by strong positive co-occurrences with
each other, co-occurrences between ASVs from different modules were significantly weaker
(Figure S9; coef. = —0.09, t = —18.43, R% =0.21, p < 0.001). The weaker co-occurrences
linking modules provides evidence against the concept of competitive exclusion in oil-
degrading communities, where we might expect strongly negative co-occurrences to link
species in different successional stages.
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Figure 5. Network modules based on clustering of a SPIEC-EASI co-occurrence network formed of
ASVs from bacterial genera associated with hydrocarbon degradation. Each point represents a single
ASV, which are coloured according to their identity at the genus level (RDP classifier confidence
>0.8). Blue edges represent positive co-occurrences between ASVs across the experiment, whereas
red edges show negative co-occurrences.
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Figure 6. Relative abundances of modules based on clustering of a SPIEC-EASI co-occurrence
network of ASVs from bacterial genera associated with hydrocarbon degradation. The total relative
abundance (as a proportion of bacterial genera associated with hydrocarbon degradation) of ASVs
in each module across the course of the experiment, based on counts of 16S rRNA sequences.
All microcosms contained seawater, nutrients, and oil (NSO-1 0.1% v/v), and some also contained
additional dispersants or biosurfactants (0.005% v/v; 20:1 ratio of oil). Dispersant and biosurfactant
codes are as follows: SP = sophorolipid, RL = rhamnolipid, TH = trehalolipid, SD25 = Superdispersant
25, F52 = Finasol OSR 52, and SG = Slickgone NS.
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4. Discussion
4.1. To What Extent Do Different Dispersants and Biosurfactants Enhance the Growth of
Hydrocarbon-Degrading Bacteria and Accelerate Hydrocarbon Degradation?

After only 24 h, there was a clear selection for hydrocarbon-degrading bacteria (HCB)
in all treatments where dispersants or biosurfactants had significantly reduced the interfa-
cial surface tension between oil and water, which was coupled with significant reductions in
the concentration of alkanes (21-42%). The significantly enhanced rate of alkane biodegra-
dation occurred under high nutrient concentrations (during the first 24 h), including both
ammonium and nitrate, typical of eutrophic marine estuarine environments such as the
Thames Estuary and Liverpool Bay [44,79], which continually receive riverine ammonium
and nitrate. Similar rapid alkane biodegradation may not be observed in environments
with significantly lower total N or in nitrate-dominant systems, such as many open water
environments. However, a previous microcosm study of the Thames Estuary found little
difference in hydrocarbon degradation rates or bacterial populations between samples from
microcosms with similar levels of nitrate alone or amended with nitrate plus ammonium,
with the same hydrocarbon-degrading bacteria growing regardless of which nitrogen
sources were present [45]. It has also been demonstrated that both ammonium and nitrate
support extensive biodegradation of crude oil, with similar rates of hydrocarbon biodegra-
dation [80]. Moreover, whilst hydrocarbon biodegradation may be extremely limited in
ultraoligotrophic environments, the use of dispersants could assist hydrocarbon biodegra-
dation by rapidly reducing the concentration, and increasing the surface area, of oil. This
happens because dispersants transform oil on the surface of the water into small droplets
(10-300 pm, [81-83]) that become dispersed into the underlying water column. This disper-
sion of oil provides an increased surface area for microbial attachment, and biodegradation
will proceed at lower nutrient concentrations as oil is dispersed over a wider area [7].
Additionally, an increased oil surface area to volume ratio allows hydrocarbon-degrading
microbes to expend more energy on growth and less energy producing biosurfactants,
thereby accelerating biodegradation [13,84]. However, Kleindienst et al. [20] demonstrated
that the use of dispersants allowed the hydrocarbon- and dispersant-degrading genus
Colwellia to outcompete certain HCB (Marinobacter), and thus provided no hydrocarbon
biodegradation advantage. Conclusions reached by Kleindienst et al. [20] were likely due
to differences in experimental procedure, as well as differences in indigenous bacterial com-
munities between the Gulf of Mexico and the North Sea. Kleindienst et al. [20] used water
accommodated fractions (WAFs) (sampled seawater was stored for >1 month), whereby
oil was mechanically and chemically dispersed with Corexit 9500. Kleindienst et al. [20]
adopted this method as they wanted to replicate the Deepwater oil plume, which consisted
of the water-accommodated fraction, after the Deepwater Horizon well-blowout. Addi-
tionally, sampling of WAFs first occurred after seven days. Our study aimed to replicate
the application of dispersants to the water’s surface. By contrast, dispersants and biosur-
factants, which were different from Corexit, were added directly to the seawater surface,
avoiding vigorous mechanical dispersion. Additionally, microcosms, which were set up
immediately after seawater sampling, were sampled at day 1, providing evidence of in-
creased hydrocarbon degradation with the application of dispersants and biosurfactants in
the very early stages (except when sophorolipid was used).

By day 3, alkane biodegradation and abundance of HCB in the oil-only controls and
sophorolipid treatments had caught up with, and was equal to, all other treatments. This
finding could be due partly to inorganic nitrogen becoming limited within the first few days
and suggests that the later blooms of Alcanivorax and Cycloclasticus after 7 days may rely on
the turnover of organic nitrogen as cells die. As with the alkanes, PAHs were biodegraded,
but there were no significant differences between any treatments. HCB able to degrade
n-alkanes are known to grow more rapidly than those degrading branched alkanes and
PAHSs [12,85], during which time, in this study, nutrients had been depleted. Had there
been a constant supply of inorganic nutrients, as expected during oil dispersed within
some marine environment, microcosms containing dispersed oil may have maintained their
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enhanced biodegradation for longer, which could possibly also translate into significantly
enhanced PAH reduction.

Dispersal and dilution of oil within microcosms is limited due to their confined
nature, in contrast to oil spills in open waters, where oil can be diluted rapidly to sub-ppm
concentrations [86]. Dispersion over a wide area and lower concentration of oils may
allow access to further inorganic nutrients and therefore lead to faster degradation of
dispersed oil compared to undispersed oil on the sea surface. It has also been highlighted
that ex-situ bottle experiments allow for higher oil concentrations which can, in some cases,
inhibit hydrocarbon degradation [15,87]. Furthermore, Nedwed and Coolbaugh [88] state
that microcosm biodegradation experiments can be negatively biased due to the physical
constraints of the container limiting the spread of oil. However, despite these previous
findings, this study has demonstrated that even with a relatively high oil concentration,
and the confined nature of microcosms, both dispersants and biosurfactants significantly
increased the rate of hydrocarbon biodegradation and the abundance of hydrocarbon-
degrading bacteria.

This study has provided evidence that the biosurfactants rhamnolipid and trehalolipid
have the same ability to enhance hydrocarbon degradation as commercial dispersants.
However, their potential as a replacement for dispersants is currently limited due to the
exceptionally high costs of large-scale production [89,90]. Sophorolipid reduced surface
tension of the seawater to a much lesser extent than all other surfactants or dispersants,
which could suggest why there was no significant increase in hydrocarbon biodegradation,
like the oil-only control. In contrast, sophorolipid has previously been observed to increase
hydrocarbon degradation in oiled soil slurry reactors [91,92]. Sophorolipid has been noted
to decrease the surface tension of water from ~70 to ~36 mN m~!, though this relies
on a minimum sophorolipid concentration of 15-20 ppm [93,94]. In this study, the final
concentration of sophorolipid was 7.5 ppm, and seawater surface tension (without oil) only
decreased from 70 to ~60 mN m~!. All dispersants and biosurfactants were added at 0.005%
v/v oil to dispersant, replicating industry standard [46], suggesting that an increased initial
sophorolipid concentration, or decreased ratio of oil to biosurfactant, would be required
for sophorolipid to be effective.

4.2. The Psychrophilic OHCB Genus Oleispira Dominates in the First Few Days at the Relatively
High Temperature of 16 °C

The initial relative abundance of OHCB in the seawater was very low, with only
ASVs from the genus Oleispira detectable, at approximately 3% (measured at “time-zero”).
ASV4 had a 98.97% 16S rRNA sequence identity to the type strain isolated from Antarctica
(closest match to O. antarctica strain RB-8T; Figure 3), which in pure culture grows well at
16 °C (the same temperature at which the microcosms were incubated), which is slightly
beyond its broad growth optimum of 1-15 °C [95]. Oleispira spp. bloom in cold waters
(5 °C) but are outcompeted by other OHCB at warmer temperatures [45,96,97].

The sampled seawater was measured at 13.8 °C and therefore not the most suited
environment for the psychrophilic Oleispira, which may suggest why, despite being the
first OHCB to respond to the presence of oil, it was rapidly outcompeted. However, the
relatively high abundance of Oleispira in situ would provide a competitive advantage
(i.e., a priority effect), allowing it to become the dominant OHCB by day 1, constituting
14-25% of sequence reads in four treatments (with lower abundance (1-4%) in oil-only,
sophorolipid, and rhamnolipid microcosms). Thereafter, Oleispira is outcompeted by OHCB
that are more competitive at 16 °C. O. antarctica has previously been observed to grow
rapidly within 1 day in microcosms with North Sea water and oil (0.01% v/v which is the
same concentration used in this study) [98], though these microcosms were incubated at
4 °C. Alternatively, the dominance of the Oleispira ASVs in the warmer microcosms (16 °C)
of this study could potentially be due to ASV4 (which accounted for 96% of the relative
abundance of sequences assigned to the Oleispira genus on days 1 and 3) having a more
mesophilic phenotype than currently cultivated Oleispira species. This would also help
explain its relatively high (1-3%) abundance within the in situ 13.8 °C seawater and suggest



Microorganisms 2021, 9, 1200

15 of 23

a wider diversity within the genus than is currently known. Then, again, many studies
have evaluated HCB over a broader time series [20,99,100], whereas in this study a finer
timeline was adopted (1 and 3 days). This finer timeline exposed the ability of Oleispira spp.
to initially dominate in response to oil contamination prior to being rapidly outcompeted,
whereas this result may have gone undetected in studies of broader timelines.

4.3. Does Niche Partitioning Explain the Observed OHCB Succession?

By day 1, ASVs from the alkane-degrading genus Oleispira had proliferated in many
treatments. However, ASVs from the genera Marinomonas and Pseudoalteromonas had also
increased in relative abundance. This is likely due to the fact Marinomonas and Pseudoal-
teromonas are known PAH degraders (Supplementary Table S2). Pseudoalteromonas, and
genera such as Colwellia and Cycloclasticus (which grew in this study by days 3 and 7,
respectively), proliferated in the aromatic hydrocarbon-rich oil plume after the Deepwater
Horizon well-blowout [12]. By day 3, ASVs from the genus Oleispira maintained a high rel-
ative abundance in the Finasol OSR 52, Slickgone NS, Superdispersant 25, and trehalolipid
treatments. However, by day 3, Oleispira also grew significantly in the oil-only controls,
sophorolipid, and rhamnolipid treatments where it had initially been outcompeted by
Glaciecola spp. or Arcobacter spp. Growth of Oleispira was also coupled with increased
relative abundance of the alkane-degrading OHCB genus Thalassolituus (Figure 3) [101],
potentially suggesting niche partitioning by the degradation of different alkanes. For ex-
ample, Oleispira antarctica has been shown to grow only on alkanes up to chain length
of n-Cyy [95], but Thalassolituus oleivorans can grow on alkanes up to n-Csp due to the
possession of subterminal Baeyer-Villiger monooxygenase alkane oxidation pathways
for longer-chained alkanes [102]. By day 7, a significant increase is observed in relative
abundance of ASV1 (alkane-degrading genus Alcanivorax [102,103]; 99.67% 16S rRNA
sequence identity match to A. borkumensis SK2; Figure 3), prior to becoming dominant by
days 14 and 21. The dominance of Alcanivorax occurs when shorter n-alkanes and inorganic
nitrogen are mostly depleted. This is likely due to the ability of Alcanivorax to use both
long-chained alkanes and branched alkanes (pristane and phytane) [104] as well as specific
systems for scavenging nutrients in oligotrophic environments [105]. Four ASVs from the
PAH-degrading genus Cycloclasticus (Figure 3) [106], which also has specific systems for
scavenging nutrients in oligotrophic environments [107], increased in relative abundance
across all treatments by day 7, as alkanes are often degraded prior to more complex PAH
molecules. Due to this, Alcanivorax spp. often flourish before Cycloclasticus spp. [108,109],
though they can co-occur [110], including with the addition of the biosurfactant rhamno-
lipid [111]. This co-occurrence was observed in this study (Modules 5 and 11, Figure 5),
from day 7 onwards, and is likely due to the fact they do not compete for the same sub-
strates. Additionally, it has been documented that Alcanivorax spp. may enhance PAH
degradation [111], potentially due to their biosurfactant enhancing PAH bioavailability.
The six dispersants and biosurfactants, with their different compositions, had no significant
effect on OHCB succession, with similar patterns observed across all treatments.

4.4. Do Dispersants or Biosurfactants Select for Specific Bacterial Genera?

Specific biosurfactant or dispersant treatments resulted in selection for certain genera,
which were either undetected or had significantly lower relative abundance in the other
treatments. This occurred in treatments containing trehalolipid, Superdispersant 25, and
rhamnolipid. The biosurfactant trehalolipid triggered a significant increase in the relative
abundance of ASV34, from the genus Alkalimarinus (97.29% 16S rRNA sequence identity
to A. sediminis; Figure 3) after 3 days. Alkalimarinus spp. are not known hydrocarbon
degraders. However, recently, A. sediminis was found to significantly increase in relative
abundance when PAHs bioaccumulated in bivalves [112]. Superdispersant 25 resulted in
a significant increase in the relative abundance of ASV21 from the genus Neptuniibacter
(97.34% 16S rRNA sequence identity to N. marinus strain CECT 8938; Figure 3) after 3 days.
The selection of Neptuniibacter, some strains of which contain the soxA-D gene cluster for the



Microorganisms 2021, 9, 1200

16 of 23

oxidization of sulphur [113], could be due to Superdispersant 25 containing sulphur [114].
The biosurfactant rhamnolipid stimulated a significant increase in the relative abundance
of two ASVs from the genus Zhongshania (98.34% and 96.35% 165 rRNA sequence identity
to Z. aliphaticivorans strain SM-2; a known alkane-degrader [115] by day 21. Zhongshania sp.
has been observed as an abundant alkane-degrader in Norwegian seawater [116].

4.5. Rhamnolipid Stimulates Pseudomonas Dominance—A Case of Advantageous Compatibility
with Its Own Biosurfactant?

During the first 3 days, rhamnolipid selected for four ASVs from the genus Arcobacter
and two ASVs from the genus Pseudoalteromonas (Figure 3). Arcobacter has been observed to
increase in abundance in oiled environments (Supplementary Materials Table S2), especially
oil sands [117], whilst some strains of Pseudoalteromonas spp. have been shown to grow
on both n-alkanes and PAHs [118]. However, by day 7, ASVs from the genera Arcobacter
and Pseudoalteromonas decrease in relative abundance as ASVs from the genus Pseudomonas
(Figure 3) were observed to significantly increase. This selection for Pseudomonas by
rhamnolipid can be observed in module 11 (Figure 5) of the network analysis, where a
bacterial consortium is selected by the rhamnolipid treatment, including Pseudomonas ASV's
(ASVs 13, 24, and 30) which are observed to positively co-occur with others ASVs (e.g.,
Alcanivorax and Cycloclasticus).

Certain Pseudomonas spp. are known hydrocarbon degraders, including the PAH
naphthalene [119] and n-alkanes ranging from Cg-Csg [120]. P. aeruginosa is known as a
prominent producer of the biosurfactant rhamnolipid in the presence of hydrocarbons [121],
though some other species can also produce this class of glycolipid, including P. chlororaphis,
P. plantarii, P. putida, and P. fluorescens [24,122]. Moreover, specific Pseudomonas spp. are
known to increase the rate of hydrocarbon degradation in the presence of rhamnolipid
addition [123]. The significant increase in relative abundance of Pseudomonas spp. in
microcosms containing rhamnolipid is potentially a form of advantageous compatibility.
Rhamnolipids, whilst increasing hydrocarbon bioavailability, also modulate the swarm-
ing motility of Pseudomonas spp. [124,125]. Hydrophobic compounds (i.e., hydrocarbons)
are often surface-associated, and chemotaxis, via swarming, enhances their bioavailabil-
ity /biodegradation [126-128]. Furthermore, rhamnolipid is a known antimicrobial [129],
therefore where the same biosurfactant is used to swarm over the hydrocarbon surface,
this may prevent the establishment of competing microbes [130], providing a competitive
advantage over other hydrocarbon degraders in rhamnolipid treatments.

5. Conclusions

Overall, this study has highlighted that dispersants and biosurfactants (excluding
sophorolipid) not only reduce the interfacial surface tension of oil and water but also signif-
icantly increase the abundance of HCB, and thus the rate of hydrocarbon biodegradation
over the first 24 h. Moreover, this study provides evidence that niche partitioning drives a
succession of obligate hydrocarbonoclastic bacteria (OHCB), and that the OHCB Oleispira,
hitherto considered to be a psychrophile, can dominate in the early stages of oil-spill
response (the first 3 days), out-competing other OHCB, even at 16 °C. Additionally, some
dispersants or biosurfactants select for specific bacterial genera, especially the biosurfactant
rhamnolipid, which appears to provide an advantageous compatibility with the genus
Pseudomonas. However, this study was carried out in microcosms with an initial abundance
of nutrients (first 24 h) which then quickly became limiting (day 3 onwards). Given the
variability between many marine environments (e.g., nutrient concentrations, wave/wind
energy, temperature) and oil spills (e.g., oil concentration, oil type, oil:dispersant ratio), cau-
tion must be exercised when extrapolating results of such studies to different field scenarios
such as low-nutrient open water systems. Therefore, further research into the efficiency
of dispersant/biosurfactant application to oil slicks in a wide range of environmental
conditions is required.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microorganisms9061200/s1. Figure S1: Map of sampling site, United Kingdom (A); red
circle indicates location for sampling site, which is located at Earls Hope salt marsh, Stanford le
Hope, Thames Estuary, Essex (B). Figure 52: Surface tension (mean =+ SE, n = 3) measured in mi-
crocosms containing seawater or seawater with additional dispersants or biosurfactants (0.005%
v/v). Dispersant and biosurfactant codes are as follows: SP = sophorolipid, RL = rhamnolipid,
TH = trehalolipid, SD25 = Superdispersant 25, F52 = Finasol OSR 52, and SG = Slickgone NS. Stars
(*** p < 0.001) and octothorpes (### p < 0.001) indicate significant changes in mean surface tension
compared to seawater and sophorolipid, respectively. Figure S3: Initial (time zero) measured hy-
drocarbon concentrations (mean =+ SE, n = 3) within microcosms, including n-alkanes (C1, to Cyg),
branched alkanes pristane and phytane, and PAHs (naphthalene and phenanthrene/anthracene
(Phen/Anth) and their methylated derivatives). Figure S4: NMDS (non-metric multidimensional
scaling) ordination, based on clustered bacterial 16S rRNA ASVs at a 97% similarity threshold,
displaying the effect of treatment, over time, on microbial community composition. Surfactant
codes as follows: SP = sophorolipid, RL = rhamnolipid, TH = trehalolipid, SD25 = Superdispersant
25, F52 = Finasol OSR 52, and SG = Slickgone NS. Figure S5: Ammonium (A) and phosphate (B)
(mean =+ SE, n = 3) in microcosms containing seawater, nutrients, and oil (NSO-1 0.01% v/v), and
those with additional dispersants or biosurfactants (0.005% v/v). Dispersant and biosurfactant codes
are as follows: SP = sophorolipid, RL = rhamnolipid, TH = trehalolipid, SD25 = Superdispersant
25, F52 = Finasol OSR 52, and SG = Slickgone NS. Figure S6: Relative abundance (% of the bacterial
community; mean + SE, n = 3) of 165 rRNA gene sequences within ASVs assigned to Bacteria
associated with oil-degradation (see Supplementary Table S2) over a 21 day period. All microcosms
contained seawater, nutrients, and oil (NSO-1 0.1% v/v), and some also contained additional dis-
persants or biosurfactants (0.005% v/v; 20:1 ratio of oil). Dispersant and biosurfactant codes are
as follows: SP = sophorolipid, RL = rhamnolipid, TH = trehalolipid, SD25 = Superdispersant 25,
F52 = Finasol OSR 52, and SG = Slickgone NS. Figure S7: Mean Ecological Index of Hydrocarbon
Exposure (ratio %) representing relative abundance of oil-degrading/associated Bacteria, Lozada
et al., 2014) measurements (& SE, n = 3) in microcosms containing seawater, nutrients, and oil (NSO-1
0. 1% v/v), and those with additional dispersants or biosurfactants (0.005% v/v). Dispersant and
biosurfactant codes are as follows: SP = sophorolipid, RL = thamnolipid, TH = trehalolipid, SD25
= Superdispersant 25, F52 = Finasol OSR 52, and SG = Slickgone NS. Figure S8: (A) edge weight
and (B) node degree distributions of the SPIEC-EASI co-occurrence network based on ASVs from
bacterial genera associated with hydrocarbon degradation. Edge weights indicate the direction
and effect size of co-occurrences between ASVs, whilst node degree values indicate the number of
ASVs each ASV co-occurs (positively or negatively) with. In (A), the dashed red line indicates 0 (no
co-occurrence), whereas in (B) it indicates the median node degree (5.55) of ASVs in the network.
Figure S9: Comparison of edge weights connecting ASVs within and between modules. Positive
values indicate positive co-occurrences and vice versa, with values closer to 0 indicating weaker
co-occurrences. Co-occurrences between ASVs within modules were significantly stronger and more
positive than those between modules (coef. = 0.09, ¢ = 18.43, p < 0.001). Table S1: Experimental
design showing 10 treatments (codes in parentheses), including concentrations and measurements of
seawater, nutrients, crude oil (NSO-1), dispersant or surfactants, and, for the killed controls, mercuric
chloride (HgCl,). Table S2: Evidence demonstrating hydrocarbon degradation (alkane of PAH) and
growth in oil-polluted marine environments for certain genera of Bacteria (either so-called “obligate
hydrocarbonoclastic Bacteria” or more metabolically versatile).
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