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Hydrocarbon-Degrading Bacteria Exhibit a Species-Specific Response
to Dispersed Oil while Moderating Ecotoxicity
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The Deepwater Horizon blowout in April 2010 represented the largest accidental marine oil spill and the largest release of chem-
ical dispersants into the environment to date. While dispersant application may provide numerous benefits to oil spill response
efforts, the impacts of dispersants and potential synergistic effects with crude oil on individual hydrocarbon-degrading bacteria
are poorly understood. In this study, two environmentally relevant species of hydrocarbon-degrading bacteria were utilized to
quantify the response to Macondo crude oil and Corexit 9500A-dispersed oil in terms of bacterial growth and oil degradation
potential. In addition, specific hydrocarbon compounds were quantified in the dissolved phase of the medium and linked to eco-
toxicity using a U.S. Environmental Protection Agency (EPA)-approved rotifer assay. Bacterial treatment significantly and dras-
tically reduced the toxicity associated with dispersed oil (increasing the 50% lethal concentration [LCs,] by 215%). The growth
and crude oil degradation potential of Acinetobacter were inhibited by Corexit by 34% and 40%, respectively; conversely, Corexit
significantly enhanced the growth of Alcanivorax by 10% relative to that in undispersed oil. Furthermore, both bacterial strains
were shown to grow with Corexit as the sole carbon and energy source. Hydrocarbon-degrading bacterial species demonstrate a

unique response to dispersed oil compared to their response to crude oil, with potentially opposing effects on toxicity. While
some species have the potential to enhance the toxicity of crude oil by producing biosurfactants, the same bacteria may reduce
the toxicity associated with dispersed oil through degradation or sequestration.

he Deepwater Horizon (DWH) oil spill discharged ~4.9 mil-

lion barrels of light crude oil into the ocean at a depth of 1,500
meters below the sea surface (1). In an attempt to enhance biodeg-
radation and to prevent oil from reaching sensitive shorelines,
~1.84 million gallons of the chemical dispersants Corexit 9500A
and Corexit 9527A were applied both at the surface (1.06 million
gallons) and directly to the wellhead in the deep sea (0.78 million
gallons) (1). Although dispersant was used in response strategies
prior to the DWH oil spill, the DWH oil spill marks the first large-
scale subsea application of dispersants. Therefore, understanding
the impacts of dispersants on Gulf of Mexico ecosystems is crucial.

Biodegradation is the ultimate fate of the majority of hydrocar-
bons that enter the marine environment (2, 3). Based on calcula-
tions of the remaining and dispersed oil in the Gulf of Mexico, it
was estimated that hydrocarbon-degrading bacteria removed up
to 50% of the hydrocarbons released during the DWH oil spill (4).
Analyses of in situ microbial community composition, gene ex-
pression, and hydrocarbon degradation rates in oil-contaminated
seawater samples support these claims (5). Amplicon sequencing
of small-subunit (SSU) rRNA genes revealed that taxa with high
sequence identity to known oil-degrading bacteria were enriched
in oil-contaminated seawater and sediment samples compared to
uncontaminated samples (6-9, 27). Additionally, genes involved
in hydrocarbon degradation were significantly enriched, and en-
hanced rates of biodegradation were reported in deep-sea plumes
and sediments exposed to Macondo oil from the DWH blowout
(10-12, 63).

Dispersants, which are composed of a surfactant dissolved in a
hydrocarbon-based solvent, function by reducing the interfacial
surface tension between water and oil, which results in the forma-
tion of tiny oil droplets that rapidly disperse (13). Although dis-
persant formulations have been continuously improved since the
1960s to reduce toxicity, the possible synergistic effects of oil and
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dispersant mixtures on toxicity to organisms require further re-
search (14). Based on criteria set forth by the U.S. Environmental
Protection Agency (EPA), the majority of dispersants range from
slightly toxic to practically nontoxic (15). Dispersant-oil mixtures,
however, have been shown in numerous studies to be significantly
more toxic than dispersants alone. Rico-Martinez et al. (14) dem-
onstrated that the synergistic effect of Corexit 9500A with Ma-
condo crude oil increased toxicity to the marine rotifer Brachionus
manjavacas in the water-accommodated fraction (WAF) by 47- to
52-fold relative to that generated with Macondo crude oil and by
66-fold relative to that generated with Corexit 9500A alone. B.
manjavacas is a member of the Brachionus plicatilis species com-
plex that has routinely been used in assessments of marine ecotox-
icity because the organism grows rapidly, is easy to cultivate, is
genetically homozygous, and plays a central role in coastal food
webs (16, 17). Furthermore, the EPA required British Petroleum
(BP) to assess the toxicity of dispersed oils using the Brachionus
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rotifer test following the DWH oil spill (18). In another study,
Hemmer et al. (19) showed that dispersant-crude oil mixtures
were more toxic than dispersants alone to mysid shrimp (Ameri-
camysis bahia) and inland silverside fish (Menidia beryllina).
Other studies observed that dispersed oil and dispersant constit-
uents showed higher toxicity than crude oil alone in coral species
(20, 21). Components of the dispersant also potentially inhibit or
delay microbial oil degradation. For example, in one study com-
paring different dispersant-oil mixtures, lags in biodegradation
were attributed to preferential degradation of the dispersant (22).

In addition to synthetic dispersants, biosurfactants and bio-
emulsifiers are produced by a diversity of hydrocarbon-degrading
microorganisms from all domains of life (23). These compounds
impact the physicochemical properties of oil in a manner similar
to, and often more effective than, that of synthetic chemical dis-
persants (23-25). Microbially synthesized surfactants are classi-
fied primarily on the basis of their molecular weights. Low-mo-
lecular-weight biosurfactants are generally lipopeptides and
glycolipids that serve to lower surface and interfacial tensions,
increasing the solubility of hydrocarbons (24). High-molecular-
weight compounds include polysaccharides, proteins, lipopoly-
saccharides, lipoproteins, and complex mixtures of these biopoly-
mers that are effective at stabilizing oil-in-water emulsions (25).
Biosurfactants likely play a role in hydrocarbon resource parti-
tioning between microbial populations responding to crude oil
released into the environment.

Since biodegradation represents an important fate for hydro-
carbons in the environment, it is important to understand how
components of Corexit 9500A ultimately impact bacterial degra-
dation and biosurfactant production and how degradation of the
synthetic dispersant and oil affects toxicity to marine life. To our
knowledge, no study has investigated the effects of bacterium-
mediated biodegradation of oil and dispersant constituents on
overall toxicity. The two primary objectives of this study were to
(i) quantify the hydrocarbon degradation potential of two bacte-
rial strains, Alcanivorax sp. strain P2S70 and Acinetobacter sp.
strain COS-3, isolated from oil-contaminated sands with crude oil
alone, with Corexit 9500A-dispersed oil, and with Corexit 9500A
alone and (ii) link bacterial growth and activity to the observed
changes in overall toxicity, assessed using an EPA-approved ro-
tifer assay, and the solubility of specific hydrocarbon compounds.
We demonstrate that the effects of Corexit 9500A on the biodeg-
radation of crude oil are species specific, with opposite responses
in biodegradation observed. Similarly, results indicate that some
populations of hydrocarbon-degrading bacteria may enhance the
toxicity of light crude oil, likely through the production of biosur-
factants that increase the solubility of several classes of hydrocar-
bon compounds. Conversely, the activities of both strains signifi-
cantly reduced the overall toxicity of the chemically dispersed oil
to B. manjavacas in comparison to that in uninoculated controls.
In order to achieve a predictive understanding of biodegradation,
the potential synergistic effects that crude oil and dispersants have
on microbial processes require further research.

MATERIALS AND METHODS

Bacterial strains. In previous work, 24 bacterial strains were isolated us-
ing Macondo oil as the sole carbon source from beach sands exposed to oil
deposited from the DWH discharge at Pensacola Beach, FL (26, 27). Of
these, two strains were chosen to represent contrasting functional roles in
hydrocarbon degradation. Alcanivorax spp. are obligate hydrocarbon-de-
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grading bacteria, specializing in aliphatic hydrocarbon degradation (28,
29). Alcanivorax strain P2S70 is representative of a dominant population
detected in situ in contaminated beach sands (26). This environmentally
abundant strain had an ~25%-reduced genome size compared to that of
another Alcanivorax strain (PN-3) isolated from the same beach sands. It
also encodes ~40% fewer genes known to be associated with hydrocarbon
degradation, indicating a higher degree of specialization for growth on
hydrocarbons (26). In contrast, Acinetobacter spp. are considered gener-
alists, with a broad carbon substrate range, including polycyclic aromatic
hydrocarbons (PAHs) and aliphatic hydrocarbons (30-32). Along with
Alcanivorax strains, Acinetobacter spp. showed the highest potential for oil
degradation in pure culture (27).

Culture conditions. All bacterial cultures were grown in an artificial
seawater medium at 25°C in the dark to prevent hydrocarbon photooxi-
dation (33). The cultures were shaken in Erlenmeyer flasks with at least
70% headspace at 150 rpm to promote sufficient aeration. Three carbon
source treatments were tested throughout this study: (i) 0.5% (vol/vol)
crude oil, (ii) 0.01% Corexit 9500A, or (iii) a 1:50 Corexit 9500A-oil
mixture (hereinafter referred to as crude oil, Corexit, and dispersed-oil
treatments, respectively). The concentration of oil (5 g/liter) used in this
study was based on concentrations in previous studies investigating the
toxicity of the WAF of crude oil and the microbial degradation of crude
oils (Shafir etal. at 5 g/liter [21], Gardiner et al. at 10 g/liter [34], Hemmer
etal. at 25 g/liter [19], Anderson et al. at 25 g/liter [35], Campo et al. at 5
g/liter [36], Swannell and Daniel at 0.3 g/liter [37]). The crude oil used in
this study was surrogate MC252 oil collected from the Marlin platform in
the Dorado field and was provided by BP (38). The crude oil and disper-
sant mixture was adjusted to a 1:50 ratio, which is at the lower end of the
range of ratios recommended by the EPA for dispersing oil (39). All ex-
periments were performed with triplicate cultures, with the exception of
the specific hydrocarbon class analysis, in which only one sample was used
per treatment. For hydrocarbon analysis, cultures were sacrificed after 7
and 14 days of incubation. Only the cultures from 7 days of incubation
were used for compound-specific analysis (see below).

Hydrocarbon analyses. Extraction and analysis of hydrocarbon com-
pounds were performed according to a modified version of EPA Method
3510C, with accompanying quality assurance/quality control (QA/QC)
protocols. Briefly, bacterial and control treatments were extracted for
quantification of total petroleum hydrocarbons (TPHs) and the specific
hydrocarbon compound classes aliphatics (n-alkanes C,, to C,, and iso-
prenoids pristine and phytane) and PAHs. Extracts were concentrated
under a gentle stream of nitrogen using a TurboVap and reconstituted in
hexane (100%) for chromatographic analysis (see the supplemental ma-
terial for more detail).

TPHs in the samples were quantified using gas chromatography-flame
ionization detection (GC-FID). One milliliter of EPH surrogate spiking
solution (ISM-581X, lot CL-1009; Ultra, Kingstown, RI) containing o-
terphenyl and 1-chlorooctadecane was added directly to the separatory
funnel before extraction. TPH concentrations were corrected for extrac-
tion efficiency based on recovery of the EPH spiking solution and the mass
of oil added.

Aliphatics and PAHs entrained in the culture medium (WAF and the
chemically enhanced WAF [CEWAF]) were quantified in a gas chromato-
graph—mass spectrometric detector (GC-MS) in full scan mode (11/z 50 to
550). Splitless injections of 1 pl of the sample were conducted, and an
RXi-5Sil column (30 m by 0.25 mm by 0.25 pm) was used. Quantitative
analyses of aliphatics and PAHs were conducted using the IS (internal
standard) method (see the supplemental material for more details). Con-
centrations are expressed as the sample volume (liters), and all recoveries
were generally within QA/QC criteria of 90% to 120% for aliphatics and
70% to 120% for aromatics.

Quantification of bacterial growth. Bacterial growth was quantified
as total cellular protein. Cultures were grown in 15 ml of artificial seawater
medium (33) and were supplemented with crude oil, dispersed oil, or
Corexit alone, as detailed above. Additional treatments included an uni-
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noculated control (nonbacterial control) for each substrate and an inoc-
ulated control with no added carbon source but containing bacterial in-
oculum in the same volume as in the carbon treatments (noncarbon
control). All treatments were performed in triplicate.

Treatment cultures (3 replicates each) were sacrificed at each time
point. The entire volume of culture medium was added to a 15-ml Falcon
tube, which was centrifuged at 3,200 X g for 20 min. The supernatant was
removed without disturbing the cell pellet, and the samples were stored at
—20°C until further analysis. Total cellular protein was extracted using 1
ml of 2% SDS lysis buffer (50 mM Tris-HCl buffer with 2% [wt/vol] SDS)
followed by room temperature incubation for 20 min. Samples were son-
icated (Fisher Scientific Sonic Dismembrator model 550, amplitude of 4)
for 15 s total (half a second on, half a second off). The samples were then
centrifuged at 3,200 X g for another 20 min. Total cellular protein was
quantified by following the Pierce bicinchoninic acid protein assay pro-
tocol according to the manufacturer’s instructions (Life Technologies,
Grand Island, NY).

Ecotoxicity assays. Static acute toxicity tests were conducted using the
marine rotifer B. manjavacas. The WAF (from the crude oil treatment)
and CEWAF (from the dispersed-oil treatment) were prepared by follow-
ing methods outlined in the study by Singer et al. (40) and modified to
permit bacterial growth. Specifically, cultures were shaken at 150 rpm
instead of mixed with a stir bar, and air exchange was permitted to prevent
the headspace from going anaerobic. Furthermore, the mixing time sug-
gested by Singer et al. (40) was insufficient for bacterial growth. Thus, for
our purposes, the WAF and CEWAF were prepared by following the same
conditions throughout the experiments. A preliminary experiment was
conducted using uninoculated controls to compare the Singer et al.
method and our modified method. Our modified method did not signif-
icantly alter the toxicity to B. manjavacas (see Fig. S1 in the supplemental
material).

After 7 days of incubation, based on bacterial growth curves and TPH
analysis, the samples were poured into separatory funnels and allowed to
settle for 4 h. Approximately 10 ml of the WAF or CEWAF was collected in
autoclaved Hungate tubes for use in the toxicity tests. The toxicity tests
were conducted in 24-well plates, and samples of the WAF and CEWAF
were diluted with 15 ppt artificial seawater in aliquots of 20% (from 0% to
100%) to determine the 50% lethal concentration for the test organisms
(LCsp) (14). In each well, 10 rotifers were added, and their viability was
scored after 24 and 48 h (we present only the 48-h results). The plates were
incubated at 25°C in the dark. The trimmed Spearman-Karber method
(41) was used to calculate the 48-h LCs,s as implemented in the R package
“tsk” (42). Data were trimmed using parameters generated by the pack-
age, and data were smoothed when mortality was observed in the controls
(total rate of 1.8% across all controls).

All raw data generated from this study are available for download at
http://www.joelkostka.net/data/data_files/Overholt_etal ASM_2013
.tar.gz.

RESULTS

Bacterial growth on crude oil and dispersant. Bacterial growth
assays for Acinetobacter sp. COS-3 and Alcanivorax sp. P2S70,
hereinafter referred to as Acinetobacter and Alcanivorax, respec-
tively, were conducted using the five treatments detailed above,
i.e., crude oil (0.5%, vol/vol), Corexit 9500A-dispersed crude oil
(1:50 Corexit/oil ratio), Corexit 9500A, a nonbacterial control,
and a noncarbon control. In all treatments studied, Acinetobacter
showed higher growth rates and a higher maximum biomass ac-
cumulation than Alcanivorax (Fig. 1; see Fig. S2 in the supplemen-
tal material).

Alcanivorax showed similar maximum growth yields (50-h
time point, two-sample ¢ test, t = —1.41; P = 0.23) when grown
on dispersed oil (709.7 * 56.3 pg/ml total protein) and on crude
oil alone (637.8 * 29.9 pg/ml total protein), although a lag was
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FIG 1 Bacterial growth curves determined using a Pierce bicinchoninic acid
protein assay. Carbon sources are indicated by line type and point shape. (A)
Growth of Alcanivorax sp. P2S70; (B) growth of Acinetobacter sp. COS-3. See
Fig. S2 in the supplemental material for an expanded view of growth on
Corexit alone.

observed in the dispersed-oil treatment (Fig. 1A). Significant
growth of Alcanivorax was observed with Corexit as the sole car-
bon and energy source (58.3 = 22.2 pg/ml; t = 4.05; P = 0.015)
(see Fig. S2 in the supplemental material) in comparison to the
growth observed in the inoculated noncarbon control (11.0 * 3.6
pg/ml), comprising ~ 10 times less growth than that with crude oil
as the carbon source. Little to no cell protein accumulated with
time in either of the control treatments (Fig. 1A; see Fig. S2 in the
supplemental material).

Acinetobacter demonstrated maximum growth rates and pro-
duced maximum protein when it was grown on crude oil alone
(1,988.0 = 160.5 wg/ml) (Fig. 1B). The dispersed-oil treatment
(1,309.9 = 175.5 pg/ml) produced 34% less protein than crude oil
alone and resulted in a lower growth rate (t = 4.98; P = 0.009).
Like Alcanivorax, Acinetobacter was capable of growth on Corexit
alone (183.6 * 7.8 wg/ml), although the growth yield was 11% of
the protein produced after growth on crude oil alone (see Fig. S2
in the supplemental material). All treatments yielded maximum
protein concentrations significantly different from those of the
two control treatments (t = —1.41; P = 0.23) (see Table S1 in the
supplemental material).

Quantification of oil degradation. Total petroleum hydrocar-
bons (TPHs) were extracted from the oil-amended treatments. Oil
degradation potential was determined in parallel through com-
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FIG 2 Potential of bacterial strains to degrade or transform petroleum hydro-
carbons. Values are relative to those from the uninoculated control and are
corrected for extraction efficiency and mass of oil added. TPHs were used by
summing areas under each peak as determined by GC-FID. (A) Oil degrada-
tion potential for Alcanivorax sp. P2570; (B) oil degradation potential for Acin-
etobacter sp. COS-3. An outlier from Acinetobacter was removed; see Fig. S3 for
aversion of this figure that includes the outlier. Asterisks indicate samples that
are significantly different from the control samples. Data shown were collected
after 7 days of incubation.

parison of the results of bacterial treatments to those of the unin-
oculated control. Volatile hydrocarbons are lost during extraction
analysis using this method, and thus only n-alkanes with a number
of carbon atoms higher than 11 were detected in the control and
bacterial treatments, as with the weathered oil washed ashore at
Pensacola Beach, FL (43).

Alcanivorax and Acinetobacter showed contrasting patterns in
oil degradation capacity in pure culture. Concomitantly with bac-
terial growth, Alcanivorax degraded or transformed 25% of the
TPHs in dispersed oil relative to the level degraded in the unin-
oculated control treatment (t = —4.45; P = 0.011) (Fig. 2A). In
the absence of Corexit (crude oil treatment), no detectable trans-
formation or removal of TPHs was observed in Alcanivorax cul-
tures after 7 days of incubation (¢t = —0.75; P = 0.49). In contrast,
52% of the TPHs present in the crude oil treatment relative to the
uninoculated control treatment were degraded or transformed in
Acinetobacter cultures (t = —7.35; P = 0.0019), while only 30% of
oil was removed or transformed in the dispersed-oil treatment
(n=2,t=—4.44,P=0.021 [P = 0.07136 if unequal variances are
assumed]) (Fig. 2B). See the supplemental material for a discus-
sion on an outlier removal; Fig. S3 interprets these data with the
outlier included.

When incubations were extended to 14 days, Acinetobacter
transformed or removed 54% and 44% of TPHs in the oil-only
and dispersed-oil treatments, respectively (t = —7.0, P = 0.0075,
and t = —11.8, P = 0.0024, respectively) (see Fig. S3 in the sup-
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plemental material). No significant change was observed in the
Alcanivorax cultures between 7 and 14 days of incubation (t =
—1.0; P = 0.32).

Quantifying the effects of bacterial treatments on rotifer tox-
icity. Three sets of acute-toxicity tests were conducted to quantify
the impact of bacterial degradation on the toxicity associated with
crude oil, dispersed oil, and Corexit alone within the WAF. All B.
manjavacas toxicity tests met the minimum requirement of >90%
rotifer survival in control treatments to accept them as valid esti-
mates of toxicity. All toxicity tests consisted of an uninoculated
control and treatments of media inoculated with Acinetobacter or
Alcanivorax.

All Corexit-only treatments resulted in similar toxicities and
statistically indistinguishable LCs,s (mean of 80.56 g Corexit/ml
after 48 h [analysis of variance, F = 2.43; P = 0.17]) (Fig. 3A; Table
1). According to EPA standards, these treatments are classified as
slightly toxic. The uninoculated crude oil control (WAF) and Al-
canivorax crude oil (WAF) treatments were not acutely toxic to B.
manjavacas, with 0% mortality observed in all replicates at the
tested concentrations (Fig. 3B; Table 1). However, when Acineto-
bacter was grown on crude oil, acute toxicity was observed, with an
LCs, of 94.0% of the WAF (see Fig. S4 in the supplemental mate-
rial for conversion to micrograms per liter). The uninoculated
dispersed-oil control (CEWAF) exhibited significantly more tox-
icity than either Corexit alone or crude oil alone (WAF) when
percentages of dilution were compared (Fig. 3C; Table 1). Bacte-
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TABLE 1 LCys for all treatments tested in this study”

LCs, 95% confidence % change

Treatment LCy at48 h limits P value” in LC,o"
0.01% Corexit 9500A

Uninoculated control 75.06 pg/ml 71.33-80.05 pg/ml

Alcanivorax 83.8 ug/ml 81.08-84.70 pg/ml 0.191

Acinetobacter 82.85 pg/ml 81.93-84.16 pg/ml 0.251
1:50 Corexit 9500A/0il ratio

(%CEWAF)?

Uninoculated control 27.74% 24.90%-28.71%

Alcanivorax 87.51% 85.79-88.53% 73X 107° 215

Acinetobacter 83.02% 81.00-84.60% 4.5 X107° 199
0.5% oil (%WAF)®

Uninoculated control NDt NDt

Alcanivorax NDt NDt

Acinetobacter 94.03% 92.03%-96.08%

@ P values were determined with pairwise two-sample t tests comparing bacterial treatments with the corresponding uninoculated control.
b Percent change in LCs, relative to the control LCsy. This was calculated only if significant change was observed.

“NDt, no detectable toxicity.

4 Percentage of the chemically enhanced water-accommodated fraction causing 50% rotifer mortality (LCs).

¢ Percentage of the water-accommodated fraction causing 50% rotifer mortality (LCs,).

rial degradation greatly reduced acute toxicity associated with dis-
persed oil (CEWAF), independently of the strain used (t = —1.53;
P = 0.23). No mortality of B. manjavacas was observed in the
bacterium-treated dispersed oil when CEWAF was diluted to 40%
or greater.

Compound-specific analysis. To better understand the ob-
served changes in toxicity between crude oil (WAF) and dispersed
oil (CEWAF) and the impact of bacterial transformations on both,
analyses of specific hydrocarbon compounds present in the WAFs
were performed after 7 days of growth.

In the nonbacterial control for crude oil treatments, low levels
of aliphatic compounds were present in the WAF (sum total, 116
pg/liter; compound maximum, 9.1 pg/liter) (Fig. 4A; see Fig. S5
in the supplemental material). As expected, the aromatic fraction
was slightly more soluble, particularly the C, to C, naphthalenes,
with C, naphthalene reaching a maximum concentration of 58.1
pg/liter and total aromatics reaching a concentration of 127.2
pg/liter in the WAF (Fig. 4B; see Fig. S5 in the supplemental ma-
terial). In all inoculated treatments (crude oil and dispersed oil),
total aliphatic and aromatic fractions were enriched ~3-fold rel-
ative to those in the uninoculated crude oil treatment (TPHs,
468.2 pg/liter for Alcanivorax and 428.1 pg/liter for Acinetobacter)
(see Fig. S5). In the aliphatic fraction, Alcanivorax greatly in-
creased the solubility of all n-alkanes and removed or transformed
the branched alkanes (pristane, phytane) into non-GC-amend-
able forms. In contrast, Acinetobacter solubilized branched al-
kanes and n-alkanes with numbers of carbon atoms higher than 17
(Fig. 4A). In the aromatic fraction, the Alcanivorax treatment in-
creased total PAH concentrations by 2-fold to 216.3 jg/liter, and
the Acinetobacter treatment increased the concentration of aro-
matic hydrocarbons present in the WAF by 5-fold to 563.5 wg/liter
(Fig. 4B). Unlike Alcanivorax, Acinetobacter substantially in-
creased the solubility of PAHSs, including the phenanthrenes, fluo-
ranthenes, and benz[a]anthracenes, which were undetectable in
all other treatments.

In the nonbacterial control for dispersed-oil treatments
(CEWAF), total aliphatic concentrations were 52 times higher
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than in the corresponding nonbacterial control for crude oil treat-
ments (WAF) (6,128 pg/liter and 116.6 pg/liter, respectively)
(Fig. 4C; see Fig. S4 in the supplemental material). Relative to
concentrations after the dispersed-oil control treatment, Alcaniv-
orax reduced aliphatic concentrations in the CEWAF by 3-fold, to
2,197 pg/liter. While Acinetobacter greatly decreased the detected
aliphatic concentrations, we suspect that this may be the result of
biomass sequestration during the oil extraction due to extremely
large amounts of extracellular polymeric substance (EPS) in the
media (data not shown). Alcanivorax slightly decreased total aro-
matic hydrocarbons, from 1,076 pg/liter to 924 pg/liter, evenly
across all aromatic hydrocarbons analyzed. An expanded version
of Fig. 4 can be seen in Fig. S6 in the supplemental material).

DISCUSSION

The use of chemical dispersants is considered one of the main oil
spill response tools, as outlined in the National Oil and Hazardous
Substance Pollution Contingency Plan (NCP) (44), subpart D
§300.310. Dispersants are globally used to mitigate the damage
caused by an oil spill, especially in minimizing the impact to near-
shore habitats by removing surface oil, diluting oil constituents to
below toxic levels, and improving the accessibility of oil-degrad-
ing bacteria to hydrocarbons (13, 45). Furthermore, degradation
of dispersed-oil constituents in the parts-per-million range are
not limited by background nutrient concentrations (46). In order
to prevent crude oil released by the DWH oil blowout from reach-
ing sensitive coastal ecosystems, the Unified Area Command (the
EPA and the National Incident Commander) approved the use of
chemical dispersants according to protocols outlined in the NCP,
and ultimately, 1.84 million gallons of Corexit 9500A and Corexit
9527A were applied to the surface and at depth next to the well-
head (1, 47).

One of the primary aims of applying dispersants is to stimulate
microbial biodegradation that leads to the removal of petroleum
hydrocarbons (13, 45, 48). Past studies have typically focused on
quantifying changes to biodegradation based on dispersant appli-
cation and maximizing microbial community biodegradation ac-
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ranthene, benzo[a]pyrene, dibenz[a,h]anthracene, and alkylated homologues; ID, indeno[1,2,3-cd]pyrene; and BGP, benzo[ghi]perylene.

tivity (see the review by Prince [3] and references therein). Unlike
with prior studies, we investigated how specific bacterial popula-
tions interact with crude oil and dispersed oil to elucidate the
impacts on bacterial growth, biodegradation potential, and eco-
toxicity. Here, we tested two strains based on their relevance to the
DWH oil spill and different metabolic strategies (27, 49). Alcaniv-
orax is a well-studied obligate hydrocarbonoclastic genus that has
a limited carbon substrate range and a cosmopolitan distribution
and rapidly responds to oil in the environment (5, 28, 29). Acin-
etobacter spp. are less-studied generalists with a broad carbon sub-
strate range and a well-known capacity to degrade hydrocarbons
in terrestrial and marine ecosystems (26, 27, 30, 50).
Species-specific responses to dispersant application. In this
study, we found that each strain responded uniquely to dispersed
oil versus crude oil (Fig. 5). We further demonstrated that both
strains are capable of growth on Corexit 9500A alone, although
Acinetobacter appeared to grow far better than Alcanivorax on
Corexit alone. These results are corroborated by previous micro-
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cosm studies that showed that microbial consortia were capable of
rapidly degrading both the hydrocarbon fraction and the dioctyl
sodium sulfosuccinate (DOSS) fraction of Corexit 9500A (36, 51,
52). To our knowledge, this is the first report of cultivated strains
exhibiting growth using Corexit 9500A as the sole carbon and
energy source. Considering our results, it is not appropriate to
generalize that hydrocarbon-degrading bacterial populations uni-
formly respond positively to dispersed oil.

While Alcanivorax exhibited similar growth rates on dispersed
oil and crude oil, the potential for oil degradation or transforma-
tion was significantly higher with the dispersed-oil treatment. It
may be that this Alcanivorax strain targets only the short-chain
n-alkanes when grown on crude oil (which are not analyzed by this
method and would show no evidence of degradation potential)
and can access or target a wider range of hydrocarbons when
grown on dispersed oil than on crude oil. In crude oil treatments,
Alcanivorax was capable of solubilizing many of the aliphatic con-
stituents, which are thought to represent the primary carbon
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FIG 5 Strain-specific responses of growth, biodegradation potential, and tox-
icity as determined by an EPA-approved rotifer assay. Both bacterial strains
tested were shown to grow with Corexit as the sole carbon and energy source,
and no effect of bacterial transformation was observed on the toxicity of
Corexit. Crude oil supported the growth of both bacterial strains, but the
extents of biodegradation and their linkage to toxicity showed large variation
between the strains. Although both strains showed similar rates of growth,
degradation potentials, and linkages to toxicity, each strain responded
uniquely to dispersed oil versus crude oil.

source for this microbial group. Furthermore, two branched-al-
kane species (pristine and phytane) were present in much lower
concentrations than the n-alkane compounds in the crude oil
WAF. This observation is significant because it is thought that
Alcanivorax strains specialize in the utilization of branched al-
kanes (29, 53). Alcanivorax weakly solubilized the PAH fraction in
the crude oil treatment, primarily the (methyl-)naphthalenes,
which were also evident in the control sample. As in the crude oil
control, we did not detect a toxicity effect associated with the
Alcanivorax WAF (crude oil), which may in part be explained by
the low PAH concentrations observed in both, as discussed in
more detail below. However, a toxicity effect on B. manjavacas was
observed with the dispersed-oil treatment, where concentrations
of PAHs and aliphatics were higher than those in the crude oil
treatment (Fig. 4).

In contrast to observations with Alcanivorax, the growth of
Acinetobacter was inhibited by 37% in the Corexit 9500A-dis-
persed-oil treatment versus that in the crude oil-only treatment.
This growth inhibition corresponded to a 40% reduction in oil
degradation potential after 7 days and a 19% reduction after 14
days. Hamdan and Fulmer (54) also reported that Acinetobacter
strains isolated from contaminated beach sands were negatively
impacted by Corexit. Compared to Alcanivorax, Acinetobacter
more effectively solubilized PAHs and n-alkanes in the crude oil
treatment. Large increases in naphthalene, phenanthrene, fluo-
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ranthene, and benz[a]anthracene concentrations were observed.
This potentially explains the toxicity observed in the crude oil
Acinetobacter treatment. For the aliphatic fraction, long-chain n-
alkanes (with a number of carbon atoms higher than 19) were
found at concentrations similar to those of the Alcanivorax WAF
(crude oil treatment), branched alkanes were substantially en-
riched, and shorter-chain alkanes were depleted (Fig. 4A).

Reports of previous field and laboratory evidence of the effects
of synthetic dispersants on hydrocarbon-degrading microorgan-
isms are contradictory. While the majority of prior studies showed
that dispersants dramatically increased the growth and activity of
indigenous hydrocarbon-degrading bacteria relative to the
amount of oil that was physically dispersed, a few showed an ad-
verse effect of dispersants on biodegradation (3, 22, 37, 55). Prince
et al. (56) concluded that most laboratory studies do not effec-
tively represent how dispersants behave in the environment,
where dispersed oil is expected to rapidly diffuse to concentrations
of <100 ppm. Studies conducted under conditions nearly identi-
cal to in situ dispersed-oil conditions (2.5 ppm oil by volume)
revealed rapid oil degradation, little effect of dispersant addition,
and no dispersant inhibitory effect on biodegradation. However,
these studies should be extended to include the response of the
microbial populations and biodegradation capacity, along with
ecotoxicity (56, 57).

Impacts of bacterial degradation and transformation on eco-
toxicity. Following the DWH spill, the EPA developed bench-
marks for the toxicity of PAHs to marine life (58). Results are
reported as an acute potency divisor, which is derived from the 5th
percentile of a distribution of acute LCs, values divided by 2. The
most solubilized PAHs detected in the WAF or CEWAF of our
study were naphthalene (acute potency divisor, 402 pg/liter), C,
to C; methylnaphthalenes (170, 63, and 23 pg/liter, respectively),
and C, to C; methylphenanthrenes (15.5, 6.65, and 2.62 pg/liter,
respectively). Aromatic constituents in the WAF from the crude
oil control and Alcanivorax-treated crude oil samples fell below
these benchmarks, for the most part, and were not associated with
rotifer toxicity, while with the Acinetobacter crude oil treatment,
the undiluted WAF was acutely toxic to rotifers. In this treatment,
we observed C, to C; naphthalenes and C, to C; phenanthrenes in
concentrations up to 13 times higher than the EPA limits.

Alcanivorax and uninoculated controls from dispersed-oil
treatments had concentrations of substituted naphthalenes and
phenanthrenes in the CEWAF up to 21 and 26 times higher, re-
spectively, than the EPA limits. Both treatments were associated
with rotifer mortality. However, we observed much lower toxicity
in the CEWAF of Alcanivorax-treated dispersed-oil samples than
in the uninoculated dispersed-oil control samples. This may be
due to much lower levels of aliphatics and slightly lower levels of
PAHs in the Alcanivorax treatment. Alternatively, the bacterial
biomass may sequester some of the toxic constituents, limiting
rotifer exposure. Unfortunately, CEWAF hydrocarbon-specific
extractions from Acinetobacter were not successful due to very
high levels of EPS, although CEWAF from Acinetobacter-treated
dispersed oil showed toxicity similar to that of CEWAF from Al-
canivorax-treated dispersed oil.

It is likely that the different responses to dispersed oil exhibited
by these two strains can be attributed to the production of differ-
ent biosurfactants or bioemulsifiers. Acinetobacter spp. are some
of the best-studied high-molecular-weight surfactant producers
(25). These compounds are thought to be substrate specific, and
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Acinetobacter radioresistens is known to produce alasan, a bio-
emulsifier that solubilizes PAHs (59). If our strain of Acinetobacter
produces a similar compound, it would explain the toxicity and
greater entrainment of PAHs seen in the crude oil WAF treated
with Acinetobacter than in the control and the Alcanivorax WAF.
In contrast, Alcanivorax strains are better known for producing
low-molecular-weight surfactants that lower surface and interfa-
cial tensions and increase hydrocarbon solubility (25). Alcaniv-
orax borkumensis produces 10 different derivatives of glucose lip-
ids (a type of glycolipid) when grown on n-alkanes, and these
compounds reduce the surface tension of water from 72 to 29
mN/m (60). Alcanivorax dieselolei produces a lipoprotein (proline
lipids) when grown on hexadecane, and this strain reduces the
surface tension of water to 29.6 to 32.8 mN/m. This strain did not
produce detectable glycolipids (61). The Alcanivorax strain used
in this study (P2S70) is not closely related to either A. dieselolei or
A. borkumensis (average nucleotide identity [ANI] of 80.2% and
81.6%, respectively), and we cannot speculate on the biosurfac-
tant produced by this strain at this time. However, our results
suggest that Alcanivorax P2S70 produces a biosurfactant that in-
creases the entrainment of the aliphatic fraction of crude oil into
culture media.

The observed increase in toxicity associated with the uninocu-
lated dispersed oil is consistent with the literature, and numerous
studies have shown dispersant-oil mixtures to be significantly
more toxic than dispersants alone (14, 19-21, 62). Like Rico-Mar-
tinez et al. (14), we saw a synergistic effect of Corexit 9500A, with
Macondo crude oil increasing the toxicity to the marine rotifer B.
manjavacas relative to Corexit alone or to physically dispersed
crude oil. Our results support the conclusion that dispersants in-
crease the toxicity of oil by introducing a larger percentage of oil
components into the soluble phase, as much higher concentra-
tions of PAHs and aliphatics are detected when dispersants are
present (15).

Conclusions. Here, we demonstrate that dispersants do not
enhance biodegradation to the same degree or perhaps by the
same mechanism for each strain of hydrocarbon-degrading bac-
teria (Fig. 5). This suggests that specific microbial groups interact
with oil and dispersed oil through various mechanisms, likely in-
volving biosurfactant/bioemulsifier production and modification
of cellular membrane composition, and the outcome of this inter-
action will determine the efficiency of biodegradation and its
overall effect on the ecosystem. Both positive and negative effects
of dispersants on biodegradation can be expected. While we show
that individual populations demonstrate a unique response to the
application of dispersant to crude oil, more research is needed to
uncover the mechanisms of interaction at the strain or population
level. The transformation of specific compounds must be related
to the activities of specific organismal groups, both in the labora-
tory and in the field. We foresee the ultimate goal of such studies as
focusing on the implementation of a predictive model incorporat-
ing how specific microbial populations respond to dispersant ap-
plications in the environment.
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