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ABSTRACT The global increase in marine transportation of dilbit (diluted bitumen) can
increase the risk of spills, and the application of chemical dispersants remains a common
response practice in spill events. To reliably evaluate dispersant effects on dilbit biodegra-
dation over time, we set large-scale (1,500 mL) microcosms without nutrient addition
using a low dilbit concentration (30 ppm). Shotgun metagenomics and metatranscriptom-
ics were deployed to investigate microbial community responses to naturally and chemi-
cally dispersed dilbit. We found that the large-scale microcosms could produce more re-
producible community trajectories than small-scale (250 mL) ones based on the 16S rRNA
gene amplicon sequencing. In the early-stage large-scale microcosms, multiple genera
were involved in the biodegradation of dilbit, while dispersant addition enriched primarily
Alteromonas and competed for the utilization of dilbit, causing depressed degradation of
aromatics. The metatranscriptomic-based metagenome-assembled genomes (MAG) further
elucidated early-stage microbial antioxidation mechanism, which showed that dispersant
addition triggered the increased expression of the antioxidation process genes of
Alteromonas species. Differently, in the late stage, the microbial communities showed high
diversity and richness and similar compositions and metabolic functions regardless of dis-
persant addition, indicating that the biotransformation of remaining compounds can
occur within the post-oil communities. These findings can guide future microcosm studies
and the application of chemical dispersants for responding to a marine dilbit spill.

IMPORTANCE In this study, we employed microcosms to study the effects of marine dilbit

spill and dispersant application on microbial community dynamics over time. We eval-

uated the impacts of microcosm scale and found that increasing the scale is beneficial for

reducing community stochasticity, especially in the late stage of biodegradation. We

observed that dispersant application suppressed aromatics biodegradation in the early

stage (6 days), whereas exerting insignificant effects in the late stage (50 days), from both

substance removal and metagenomic/metatranscriptomic perspectives. We further found

that Alteromonas species are vital for the early-stage chemically dispersed oil biodegrada-

tion and clarified their degradation and antioxidation mechanisms. These findings help us

to better understand microcosm studies and microbial roles for biodegrading dilbit and Editor Hideaki Nojiri, University of Tokyo
chemically dispersed dilbit and suggest that dispersant evaluation in large-scale systems &?ggg%?{:fyﬁf;igmfgcjszri:;‘ewfor
and even through field trails would be more realistic after marine oil spill response. i '
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bitumen, has also been increased (1, 2). In Canada, there are large oil sand deposits (e.g.,
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Athabasca, Cold Lake, and Peace River regions) for bitumen recovery, which are projected to
increase to 3.8 million barrels per day by 2022 (3). For transportation in pipelines or by rail,
bitumen blends are diluted with lower-density hydrocarbons to form dilbit (diluted bitumen)
oils. The increase in marine dilbit transportation increases the risk of a potential oil spill, caus-
ing harmful impacts on marine ecosystems and coastal environments (4). As an important
marine oil spill treating agent, chemical dispersant can transfer floating oil slicks into the
water column by lowering the oil-water interfacial tension and emulsifying oils into tiny
droplets, which increases their bioavailability for degradation. The oil concentrations in the
seawater could be increased to thousands of ppm in the first few hours of dispersant appli-
cation and rapidly diluted to a few parts per million (5). Dispersant application can thus
increase oil dilution in seawater, minimizing oil delivery to shorelines (6) and is a well-recog-
nized response option for any potential marine dilbit spill.

During natural attenuation, a set of weathering processes, including evaporation, dissolu-
tion, photooxidation, and biodegradation, take place and affect the physicochemical proper-
ties of the dispersed oil at sea. In these processes, the volatile compounds and lighter weight
aromatics can be easily evaporated (7), and highly polar compounds can be dissolved into
the seawater (8), whereas photooxidation will increase the oxygen content in oils for produc-
ing solubilized carbons (9). In contrast, biodegradation depends on hydrocarbonoclastic bac-
teria, which will grow quickly, deriving energy and carbon from the degradation of petroleum
hydrocarbons, especially alkanes and aromatics (10). Application of chemical dispersant will
increase the bioavailability of spilled oils to hydrocarbonoclastic bacteria, change the compo-
sition of microbial communities, and ultimately affect the degradation of spilled oils.

Natural attenuation field trails, though reflecting the real marine environment with
the real wave and current impact, are expensive and logistically and legislatively compli-
cated. Therefore, laboratory microcosm studies have been widely adopted to identify
dispersant effects on the natural attenuation of spilled oils in well-controlled and compa-
rable conditions. Recent advancements in metagenomic and metatranscriptomic analy-
ses, together with the oil composition characterization, have been applied as emerging
tools to reveal the whole picture of microbial functions and activities and oil biodegrada-
tion processes, elucidate the dispersant effects on oil biodegradation, and predict their
transport in marine environments. To date, controversial results on the biodegradation
of chemically dispersed oil have been reported. They could be explained by the varia-
tions in types of spilled oils and seawaters and the microcosm conditions. The enhanced
oil bioavailability, as a result of dispersant application, can stimulate biodegradation (11,
12), while the increased oil concentration in the water column may cause short-term in-
hibitory effects toward biodegradation (13, 14). Besides, compounds present in dispers-
ant formulations can also act as carbon and energy sources and may be preferred by
some microorganisms for competing for oil biodegradation (15). However, previously
adopted microcosms for oil spill investigations can be improved by decreasing the con-
centration of oil used and enlarging the scale/size of the microcosms.

High oil concentrations (more than 100 ppm) in small-scale microcosms (a few hun-
dred milliliters) have been widely applied (11, 12, 15, 16). In the field, however, dispersed
oils will be rapidly diluted in the open ocean due to the high wave energies and diffuse
apart and drop to concentrations well below 100 ppm within a few hours of dispersant
application (17). The exponentially increased oil concentrations applied in closed sys-
tems will limit biodegradation due to the depletion of nutrients (17, 18). The small-scale
microcosms, therefore, were supplemented with external nutrients (i.e., nitrogen and
phosphate) to facilitate oil biodegradation (11, 16, 19-21). However, the increased
nutrients were reported to eliminate some essential degraders like Cycloclasticus while
accelerating the growth of others such as Alcanivorax (22), which will affect the actual
evaluation of microbial community dynamics for oil biodegradation.

In addition, a small-scale system can hardly include a sufficient inoculum of hydrocar-
bonoclastic bacteria (5) and fails to have an in situ reflection of microbial communities in
marine environments (19, 23). Further, microbial populations in a small-scale microcosm
are more susceptible to stochastic effects over time, especially for species at the low
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FIG 1 Overview of the microcosm setups in this study. The 30 ppm dilbit was used. The dispersant/oil
ratio (DOR) (vol/vol) was 1:10. For each microcosm, large-scale means 1,500 mL and small-scale means
250 mL. The biotic microcosms were performed using fresh seawater, while the abiotic microcosms
were performed using sterilized seawater.

diversity bottleneck, causing the biased subsequent microbial recovery trajectory (24, 25).
Though it is challenging to design and interpret microcosm studies for monitoring in situ
conditions, increasing the microcosm scale may help provide more reproducible commu-
nity results. Such a hypothesis has been demonstrated in previous nutrient cycle micro-
cosm studies (24) but not for oil spill investigations. Taking all of these together, an in-
depth understanding of the scale-up effect on oil biodegradation is of great importance to
understand the response of microbes to the dispersed oils and their ultimate fate in a nat-
ural marine environment (i.e., low dilbit concentration and no additional nutrients).

Here, we employed two scale microcosm systems (i.e.,, small, 250 mL, and large,
1,500 mL) without nutrient addition using a low dilbit concentration (30 ppm) to track
microbial community dynamics during a hypothetical marine dilbit (i.e.,, Cold Lake
Blend [CLB]) spill with and without a chemical dispersant (i.e., Corexit 9500A). The ex-
perimental design for the microcosm studies is presented in Fig. 1. Through 16S rRNA
gene amplicon sequencing, we examined the impact of microcosm scale on commu-
nity dynamics over time. To further explore microbial functions and activities, shotgun
metagenomic and metatranscriptomic sequencing with combined contig-based and
binning-centric analysis was applied for the large-scale microcosms.

RESULTS AND DISCUSSION

Effects of increasing microcosm scale on microbial community dynamics evaluation
over time. We performed two sets (i.e., small and large scale) of microcosms using fresh
seawater sampled from the same place at the same time with incubation for 6 days
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FIG 2 Microbial community dynamics in large-scale and small-scale microcosms over time based on 16S rRNA gene amplicon sequencing. (A) Alpha
diversity analysis for microbial richness (Chao1 and observed species indexes) and diversity (Shannon and Simpson indexes). (B) Beta diversity analysis
using PCoA analysis using Bray Curtis dissimilarity matrix. (C) Microbial community taxa at the class level. Large-scale microcosms (Top); small-scale
microcosms (Bottom). TO, microbial community of the initial seawater; T6-Do and T6-DoD9500, microbial community in the early stage (6 days) with dilbit
only and dilbit plus dispersant, respectively; T50-Do and T50-DoD9500, microbial community in the late stage (50 days) with dilbit only and dilbit plus
dispersant, respectively.

(early stage) and 50 days (late stage), respectively. The DNA was harvested from the ini-
tial seawater and each microcosm for 16S rRNA gene amplicon sequencing. Four sam-
ples (one small-scale seawater sample and three early-stage small-scale microcosms
amended with dilbit only) produced invalid results due to the low extractable DNA
concentrations (see Fig. S1 in the supplemental material). In all, the amplicon data
from a total of 26 samples were processed to generate operational taxonomic units
(OUTs) for community profiling.

The microbial richness (i.e., based on Chao 1 and observed species indexes) and di-
versity (i.e., based on Shannon and Simpson indexes) metrics of the initial seawater
samples for the large volume (1,500 mL) were higher than those for the small volume
(250 mL) (Fig. 2A). The different microbial richness and diversity results of the same
raw seawater could be explained by the limited DNA extracted from the small-scale
communities (Fig. S1). Some species with extremely low abundance may be under the
detection limit due to unsuccessful PCR amplification for sequencing. This indicates
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that large-scale microcosms could better represent in situ microbial communities of
the marine environment due to the increased biomass for deep sequencing. The rare-
faction curve also showed that the large volume provided a better estimate of the
alpha diversity and a reduced stochasticity between replicates of each treatment (see
Fig. S2 in the supplemental material). In the early-stage large-scale microcosms, micro-
bial richness and diversity of microcosms amended with dilbit plus dispersant were sig-
nificantly lower than those amended with dilbit only (Fig. 2A). In the late-stage large-
scale microcosms, microbial communities were equally rich and diverse regardless of
dispersant addition (Fig. 2A). In contrast, in the late-stage small-scale microcosms, dis-
persant addition apparently still had a negative effect on microbial richness but not on
microbial diversity (Fig. 2A). Overall, this indicates that dispersant addition played a sig-
nificant role in shaping the early-stage communities regardless of the microcosm scale.

The beta diversity analysis (i.e., principal-coordinate analysis [PCoA] for Bray Curtis dis-
similarity matrix) showed that microbial populations become less and less similar to the
initial community over time (Fig. 2B; see also Fig. S3 in the supplemental material). This
finding is well-aligned with that of Schreiber et al. (19), in which the incubation time is
identified as an essential factor in shaping community composition. In the early stage,
dilbit plus dispersant communities are more dissimilar to the initial community than
dilbit-only communities (Fig. 2B), similar to what was reported by Tremblay et al. (16) for
small-scale crude oil microcosms. In the late-stage microcosms, microbial communities
of both treatments gradually clustered together except for those in small-scale micro-
cosms amended with dilbit plus dispersant (Fig. 2B). Both alpha and beta diversity analy-
ses showed that late-stage large-scale microcosms were more similar, suggesting that
dispersant application in the marine environment would have only a short-term effect
on microbial communities after a dilbit spill.

The microbial taxa at the class level showed that the initial seawater (TO) was dominated
by the phyla of Proteobacteria (Gammaproteobacteria and Alphaproteobacteria classes) and
Bacteroidetes (Flavobacteriia class) (Fig. 2C). Proteobacteria, especially Gammaproteobacteria
were stimulated in the early stage, while Alphaproteobacteria were promoted in the late
stage in both scale microcosms, regardless of dispersant addition (Fig. 2C). The class
Gammaproteobacteria contains many important members and a diversity of hydrocarbono-
clastic bacteria involved in oil degradation (26), and Alphaproteobacteria persist more in poly-
cyclic aromatic hydrocarbon (PAH)-contaminated sites (27). In the late stage, the abundance
of microbial classes (e.g., Verrucomicrobiae, Betaproteobacteria, Cytophagia, Woesearchaeota,
Planctomycetacia, Phycisphaerae), which were rare or even undetectable (<1%) in the initial
seawater, were stimulated in large-scale microcosms of both treatments (Fig. 2C). However,
these classes were not significantly enriched in the small-scale microcosms (Fig. 2C). Besides,
in the early-stage microcosms amended with dilbit plus dispersant, the similarity between
replicates representing the percentage of shared operational taxonomic units (OTUs) dis-
played similar values in both large-scale (46%) and small-scale (49%) microcosms. This may
be because dispersant was deterministic in shaping the early-stage community composition
regardless of the microcosm scale. In contrast, in the late stage, the similarity decreased for
small-scale microcosms (36%) but increased for large-scale microcosms (69%) (see Fig. S4 in
the supplemental material). Our small-scale microcosms displayed a similar trend as the pre-
vious study using 100-mL microcosms (19) that showed the community similarity decreased
over time. The increased similarity observed in our late-stage large-scale microcosms of both
treatments indicates that increased population size may decrease the effects of stochastic
elimination for community assembly after long-term incubation.

In the large-scale microcosms, the early-stage microbial community at the family level
(see Fig. S5 in the supplemental material) showed that the order of Alteromonadales, spe-
cifically the Alteromonadaceae family, made up the highest relative abundance in the bac-
terial communities of microcosms amended with dilbit plus dispersant. In contrast, the
communities in oil-only microcosms showed an enrichment of the orders Oceanospirillales
(dominated by the families Oceanospirillaceae and Alcanivoracaceae), Thiotrichales (domi-
nated by Piscirickettsiaceae), and Rhodobacterales (dominated by Rhodobacteraceae)
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FIG 3 Metagenomic sequencing showing the dominant microbial taxa at the species level using the contig-based approach in the
large-scale microcosm communities. CPM, counts per million; TO, microbial community of the initial seawater; T6-Do and Té6-
DoD9500, microbial community in the early stage (6 days) with dilbit only and dilbit plus dispersant, respectively; T50-Do and T50-

DoD9500, microbial community in the late stage (50 days) with dilbit only and dilbit plus dispersant, respectively.

compared to communities in the initial seawater. Moreover, the families Cryomorphaceae
and Thiotrichaceae showed a decreased relative abundance in microcosms of both treat-
ments. The decreased abundance was possibly due to the effect of aromatics presented in
the dilbit: the Cryomorphaceae family is reported to be inhibited entirely in the presence of
pyrene and phenanthrene (28), and there is no evidence showing Thiotrichaceae can toler-
ate or degrade aromatics.

Microbial functions and activities toward dilbit degradation using the contig-
based shotgun metagenomic approach. To obtain a broad overview of metabolic
functions and activities for the degradation of dilbit only and chemically dispersed dil-
bit, large-scale microcosms were analyzed by contig-based shotgun metagenomic and
metatranscriptomic sequencing. All of the genes were annotated based on the KEGG
database to reveal microbial functions. PCoA analysis, based on assembled contigs,
confirmed the results of 16S rRNA gene amplicon sequencing. In detail, dilbit plus dis-
persant communities were significantly dissimilar to dilbit-only ones in the early stage
but clustered together in the late stage (see Fig. S6 in the supplemental material).
Taxonomic profiles at the species level showed that in the early-stage dilbit-only micro-
cosms, species belonging to the genera Methylophaga, Marinobacterium, Alcanivorax,
Phaeobacter, and Cycloclasticus were mostly enriched (Fig. 3). Inclusion of dispersant
resulted in the enrichment of Alteromonas species, and there was a substantial increase
in species related to Alteromonas australica (Fig. 3). Tremblay et al. (16) also showed
that Alteromonas was the dispersant-associated genus in the early stage. In the late
stage, similar taxonomic profiles were observed in both treatments, mostly with spe-
cies belonging to Alphaproteobacteria (Fig. 3).

Notably, microbial communities in both treatments appeared to strongly enrich path-
ways related to carbohydrate, energy, lipid, nucleotide, amino acid, cofactor and vitamin,
and xenobiotic metabolism; genetic information processing related to translation, repli-
cation, and repair; environmental information processing related to membrane transport
and signal transduction; as well as cellular processing related to cellular community, cell
motility, and drug resistance over time (see Fig. S7 in the supplemental material).
Metatranscriptomic data showed that with dispersant, microbial communities further
enriched the transcripts of these metabolic functions in the early stage compared with
the dilbit-only microcosms (see Fig. S8 in the supplemental material). This indicated that
the presence of dispersant with dilbit might facilitate certain metabolic activities for
using dispersant components or the relatively bioavailable dispersed dilbit (19).
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FIG 4 Broad overview of microbial functions and activity for hydrocarbon access and degradation in the large-scale microcosms using the shotgun
metagenomic contig-based approach. (A) The abundance and expression of corresponding genes for microbial access (i.e., chemotaxis and secretion) and
degradation (i.e., alkanes and aromatics) pathways. Genes are annotated based on the KEGG database and are plotted with abundance Log, CPM > 0.
Genes involved in the degradation of catechol are labeled with red asterisks. (B) The dominant contributors (higher than 1%) toward the functions and
activities. MG, metagenomic analysis; MT, metatranscriptomic analysis; TO, microbial community of the initial seawater; T6-Do and T6-DoD9500, microbial
community in the early stage (6 days) with dilbit-only and dilbit plus dispersant, respectively; T50-Do and T50-DoD9500, microbial community in the late
stage (50 days) with dilbit-only and dilbit plus dispersant, respectively. Mean values of three replicates are plotted.

The abundance and expression levels of genes involved in accessing and degrada-
tion of hydrocarbons were further analyzed. Bacterial chemotaxis (KEGG pathway num-
ber ko02030) that mediates bacterial affinity and motility in response to gradients of
chemical substrates and secretion systems (KEGG pathway number ko03070) that influ-
ence extracellular surface-active compounds (i.e., biosurfactants) for bioavailability of
oils are both described as upstream pathways for hydrocarbon degradation (16). The
metagenomic data showed enrichment of bacterial methyl-accepting (mcp) chemo-
taxis in both treatments compared with the initial seawater in the early stage (Fig. 4A).
However, abundance decreased in the late stage. The abundance of genes for the type
Il and sec-SRP secretion systems was enriched over time, while virB series genes for the
type IV secretion system decreased in the late stage (Fig. 4A). The type IV secretion sys-
tem has been described as being responsible for the horizontal gene transfer of toxin
resistance genes (29), indicating a potential role of these genes in the early-stage micro-
bial survival and proliferation mechanisms toward dilbit-only or chemically dispersed dil-
bit. We suggest that both the chemotaxis and type IV general secretion systems are the
primary induced strategies for sensing and accessing dilbit in the short term. The
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sustained high abundance of type Il and sec-SRP secretion systems over time indicates
their involvement in the relatively complex chemical components that remained for the
long term (i.e., 50 days). The metatranscriptomic data also showed that dispersant addi-
tion increased the transcripts of the associated microbial accessing genes compared
with the dilbit-only communities in the early stage (Fig. 4A). The associated microbial
accessing mechanism toward dilbit and dispersed dilbit is in accordance with the find-
ings of Tremblay et al. (16).

Genes involved in alkane and aromatic degradation pathways were also analyzed.
Alkanes are initially oxidized through alkane monooxygenase (alkB) to alcohols, which
are further oxidized to aldehydes and then fatty acids, which enter the beta-oxidation
pathway (30). The corresponding genes (as shown in Materials and Methods) in the
KEGG pathway for the degradation of both fatty acids (KEGG pathway number
ko00071) and aromatic compounds (KEGG pathway number ko01220) are then inte-
grated and summarized. Generally, dispersant addition suppressed the abundance of
genes for aromatics degradation in the early stage compared with the dilbit-only com-
munities. Due to the similarly shaped communities for the degradation of residual
aromatics, communities of both treatments showed increased gene abundance for
aromatics degradation in the late stage (Fig. 4A). The metatranscriptomic data further
indicated that, in the early stage, dispersant addition depressed the expression of most
aromatics-degrading genes (Fig. 4A). In contrast, abundance and expression of genes
like pcaD (KEGG entry k01055), catC (KEGG entry k03464), and catA (KEGG entry
k03381), which are responsible for degradation of the intermediate catechol, were
enriched (31). These findings suggest that dispersant addition may depress the degra-
dation of aromatics.

Microbial contributions toward dilbit biodegradation in the early stage showed that
multiple species were present in the dilbit-only microcosms, while Alteromonas was
the most dominant contributor when dispersant was added (Fig. 4B). In dilbit-only
communities, many genera, dominated by Methylophaga, carry the genes coding for
the accessing system. The Methylophaga (15.4%) and Marinobacterium (14.1%) account
for the high transcripts for chemotaxis, while Alcanivorax (13.2%) and Marinobacterium
(12.7%) had a high expression in the secretion system. The degradation genes were
identified within a diverse community, and their expression was primarily associated
with Alcanivorax (15.3%) and Marinobacterium (12.1%) for alkane degradation and
Cycloclasticus (62.9%) for aromatics degradation. These genera are widely reported for
the degradation of alkanes and aromatics in previous studies (32-36). Interestingly, the
genes coding for the accessing system were rarely detected and expressed in
Cycloclasticus (Fig. 4B). This suggests that Cycloclasticus may not have an affinity
toward low-molecular-weight (LMW) aromatics, which have higher solubility and bioa-
vailability in the aqueous phase (37). In contrast, in the dilbit plus dispersant micro-
cosms, Alteromonas was the predominant genus, possessing and expressing the
accessing and degrading genes in the early stage (Fig. 3 and 4B). It is reported that
coordinated microbial degradation (i.e., multiple microbes involved in the biodegrada-
tion) can achieve a higher degradation efficiency toward aromatics compared to a
single taxon (38, 39). Since dispersant application suppressed microbial richness and
diversity and primarily enriched Alteromonas, the early-stage degradation of aromatics
may be inhibited.

Chemical analysis of percentage loss of n-alkanes and aromatics in abiotic and
biotic microcosms. Chemical analysis was further applied to reveal the loss of n-alka-
nes and aromatics and changes of specific dispersant components in the abiotic and
biotic microcosms. The gas chromatography-mass spectrometry (GC-MS) results
proved a similar abiotic loss of n-alkanes and aromatics in the dilbit-only and dilbit
plus dispersant microcosms. Nearly 41 to 42% of n-alkanes and 2 to 3% of aromatics
were lost in the early stage, and the ratios reached 65 to 70% and 21 to 23%, respec-
tively, in the late stage (Fig. 5). Obviously, the biotic microcosms could realize much
higher removal of these hydrocarbons over time, evidencing that biodegradation
played an indispensable role in dilbit removal (Fig. 5). However, dispersant addition
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FIG 5 Chemical analysis showing percentage loss of n-alkanes (A) and aromatics (B) after 6 days and 50 days
incubation of both treatments in abiotic and biotic microcosms. C,,-C,;, n-alkanes with corresponding carbon
atoms; CO-N, C1-N, C2-N, C3-N, and C4-N, naphthalene and its alkylated homologs; CO-F, C1-F, C2-F, and C3-F,
fluorene and its alkylated homologs; C0-P, C1-P, C2-P, C3-P, and C4-P, phenanthrene and its alkylated
homologs; C0-D, C1-D, C2-D, C3-D, and C4-D, dibenzothiophene and its alkylated homologs; CO-Py, C1-Py, C2-
Py, and C3-Py, pyrene and its alkylated homologs; C0-B, C1-B, C2-B, and C3-B, benzonaphthothiophene and its
alkylated homologs; C0-C, C1-C, C2-C, and C3-C, chrysene and its alkylated homologs. Two rings, naphthalene
and its alkylated homologs; three rings, fluorene, phenanthrene, and dibenzothiophene, and their alkylated
homologs; four rings, pyrene, benzonaphthothiophene, chrysene, and their alkylated homologs. Mean values
between three replicates are plotted.

had different effects on the loss of n-alkanes and aromatics over time. For n-alkanes,
dispersant addition did not cause obvious change compared to the dilbit-only micro-
cosms, with nearly 69 to 77% and 90 to 92% lost in the early stage and late stage,
respectively (Fig. 5A). In contrast, dispersant addition dropped the percentage loss of
aromatics from 61% to 33% and 80% to 62%, in the early stage and late stage,
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respectively (Fig. 5B). These results confirmed our observations from the metagenomic
and metatranscriptomic analysis that dispersant addition exerted limited impacts on
the removal of n-alkanes but inhibited the degradation of aromatics, especially in the
early stage.

It has been widely acknowledged that LMW components, such as the short-chain n-
alkanes, two-ring naphthalene, and its alkylated homologs, were more easily degraded.
Our study further verified the degradation of multiple-ring aromatics like fluorene, py-
rene, and dibenzothiophenes and their alkylated homologs in the early stage (Fig. 5B).
Such results were different from the ones generated by Schreiber et al. (19) that used
150 ppm dilbit in their study. It is believed that lower oil concentrations could be more
rapidly biodegraded in the marine environment than higher concentrations (40). Due
to the lower initial concentration of dilbit (30 ppm) applied in our study, these multi-
ple-ring aromatics may serve as carbon or energy sources after depletion of alkanes
and LMW aromatics.

We also observed that the dispersant components, e.g., dioctyl sodium sulfosucci-
nate (DOSS), were under the limit of detection (LOD) in the early-stage biotic micro-
cosms (see Fig. S10 in the supplemental material). The finding is in agreement with
Gofstein et al. (21), who proved that Corexit 9500A could be biodegraded rapidly, with
a concentration dropped to below the LOD within 5 days. In addition, we further esti-
mated the cell density using the extractable DNA concentration. It showed that dis-
persant addition strongly enriched cell density in the early stage (see Fig. S11 in the
supplemental material). Since the presence of dispersant in dilbit decreased the hydro-
carbon utilization but enriched cell density in the early stage, we suggest that dispers-
ant components could be primarily utilized for competing for microbial degradation of
dilbit.

Dispersant application inducing microbial antioxidation in the early stage. In
our large-scale microcosms, the presence of dispersant in dilbit would depress micro-
bial community richness and diversity and dispersant components can be primarily
degraded for enriching cell density in the early stage. Apart from that, dispersant addi-
tion can also increase the aquatic exposure to xenobiotics, including aromatics, for
inducing the overproduction of reactive oxygen species (ROS), causing potential inhibi-
tion to microorganisms (14).

To answer whether dispersant application could cause the inhibition effects in our
large-scale microcosms with the low dilbit concentration, we applied a binning-cen-
tric approach to evaluate dominated bacterial responses. Based on a total of 62,437
assembled contigs, 3,850 contigs were binned to generate 39 metagenomic bins,
representing an integration rate of 6.17%. The heatmap (see Fig. S12 in the supple-
mental material) presents the relative abundances. The 2-Thiotrichales (Methylophaga
sp. 42_25_T18), 16-Oceanospirillales (Marinobacterium jannaschii), and bin-16 belong-
ing to Gammaproteobacteria dominated the dilbit-only microcosms. In contrast, 1-
Alteromonadales and 7-Alteromonadales (Alteromonas australica), which belong to
the Alteromonas genus, were dominant in microcosms with added dispersant in the
early stage. In the late stage, microbial communities became more diverse, with bin-
14 and bin-6 showing the dominance of Proteobacteria. All of these highly abundant
metagenome-assembled genomes (MAGs) were rare (<1%) in the initial seawater,
indicating that these hydrocarbonoclastic bacteria can quickly respond and grow af-
ter a dilbit spill. However, based on the metagenomic binning approach, some im-
portant species for the degradation of alkanes (e.g., Alcanivorax) and aromatics (e.g.,
Cycloclasticus) were missing.

Microbial antioxidation can be utilized for evaluating the microbial responses to ROS.
The mechanisms were recently reported in an anaerobic system based on the recovered
MAGs (41). However, there is little information on the microbial antioxidation response
toward naturally and chemically dispersed dilbit in a microbial community. We thus
employed a metatranscriptomic-based MAGs approach to elucidate microbial antioxida-
tion potential in response to the dilbit and dispersant application. We focused on
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FIG 6 Microbial antioxidation mechanism of dominated MAGs in the early-stage large-scale microcosms based on the shotgun metatranscriptomic analysis.
O, 7, superoxide radical; H,0,, hydrogen peroxide; GSH, glutathione; GSSG, glutathione disulfide; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione
peroxidase; GR, glutathione reductase; GST, glutathione S-transferases. Mean values between three replicates are plotted.

antioxidant enzymes consisting of superoxide dismutase (SOD), catalase (CAT), glutathi-
one peroxidase (GPx), glutathione reductase (GR), and glutathione S-transferases (GST)
that can directly catalyze the conjugation of xenobiotics through glutathione (GSH) for
detoxification (40, 42). Increased concentrations of xenobiotics can induce high concen-
trations of superoxide, which will be degraded by SOD to generate hydrogen peroxide
(H,0,). There are two mechanisms for the removal of H,0,. The first one is directly
through CAT, and the second one is via the GSH redox reaction. We found that the dil-
bit-only communities did not increase the transcripts of these genes compared to the
initial seawater, while dispersant addition particularly enriched the transcripts of the GST,
SOD, and CAT genes (Fig. 6). Transcripts of these genes were primarily increased from
the two Alteromonas species, indicating that Alteromonas species may directly conjugate
xenobiotics and quench the induced ROS mainly via the first mechanism to address the
short-term exposure to chemically dispersed dilbit.

It is well established that the expression of hydrocarbon-degrading genes will up-
regulate microbial antioxidant enzymes (43, 44). In our study, the expressions of alka-
nes- and aromatics-degrading genes were highly expressed in both the dilbit-only and
dilbit plus dispersant microcosms (Fig. 4A). However, the expression of antioxidation
genes was not stimulated in the dilbit-only microcosms as in the dilbit plus dispersant
ones (Fig. 6). It was also reported that inefficient aromatics degradation or the pres-
ence of toxic compounds would generate more ROS to enhance the expression of anti-
oxidation genes (43). These indicated that the increased toxicity effects rather than the
increased expression of hydrocarbon-degrading genes might account for the stimu-
lated antioxidation processes.
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Evaluation of the chemical dispersant as a dilbit spill-treating agent. Dispersant
application was previously reported to enhance microbial degradation activity toward
oils with a large proportion of alkanes and limited aromatics in marine microcosms (11,
45). However, as there is a large proportion of aromatics in dilbit (see Fig. S8), our mi-
crocosm results showed that dispersant addition inhibited the degradation of aro-
matics in the early stage. Based on the chemical and biological analyses in this study,
we suggest that in the early stage, the presence of dispersant in dilbit would (i) depress
microbial richness and diversity, (i) compete for the utilization of hydrocarbons in dil-
bit, and (iii) induce potential toxicity.

In our microcosm study, we used a high dispersant/oil ratio (DOR = 1:10 [vol/vol]). A
DOR of 1:20 or lower (i.e., 1:100) is the typical target ratio in an oil spill response, while
for extremely heavy oils, it can be increased to 1:10 to enhance effectiveness (46). Due
to the high viscosity of dilbit, the dispersant Corexit 9500A showed limited effective-
ness below a DOR of 1:20 (see Fig. S13 in the supplemental material). It could only
achieve 7.5% effectiveness after a 200-min retention time, as many dispersed oil drop-
lets tended to resurface (see Fig. S10). Fortunately, under the DOR ratio of 1:10, it
showed high dispersion effectiveness (41.7%) (Fig. S10). Hence, a DOR of 1:10 could be
more applicable in a dilbit spill response. Efficiently dispersed dilbit can significantly
increase early-stage concentrations of xenobiotics like aromatics in the aqueous phase,
although under the high DOR, our marine microcosms still demonstrated strong dilbit
attenuation ability. In the early stage, specific species from the Alteromonas genus
increased and degraded both n-alkanes and aromatics.

The goal of dispersant application is to rapidly emulsify the spilled oil slicks, leading
to decreased deposition on the shorelines and producing smaller oil droplets that are
more readily attacked by the microbial degraders. As marine environments do have a
large dilution capacity, the short-term adverse effects of dispersant application on aro-
matics degradation would be alleviated to some extent. Furthermore, in the late stage,
our microcosms showed similar community composition and metabolic functions irre-
spective of dispersant addition. The transformation of the remaining high-molecular-
weight compounds may be within the capabilities of the post-oil communities that
contain higher microbial diversity and species richness.

Conclusions. In summary, our study demonstrated that increasing the microcosm
scale could produce more producible microbial communities during a simulated ma-
rine dilbit spill. The hydrocarbonoclastic bacteria initially present at a low abundance
in the seawater responded rapidly, increasing their activity for dilbit degradation. The
presence of dispersant in dilbit had different effects over time. In the early stage, dis-
persant addition inhibited dilbit degradation mainly because of (i) decreased microbial
richness and diversity and predominantly enriched Alteromonas for degrading both
alkanes and aromatics, (ii) microbial utilization of dispersant components for compet-
ing for the degradation of dilbit, and (iii) the induced potential toxicity. In the late
stage, the inhibition effects could be relieved, and microbial communities showed sim-
ilar compositions and metabolic functions regardless of dispersant addition. Although
it is challenging to mimic a natural marine environment in laboratory microcosms,
results generated from our large-scale microcosms without nutrient addition using low
dilbit concentrations could increase our understanding of the microbial role in natural
attenuation and help evaluate the impact of a chemical dispersant as a dilbit spill treat-
ing agent.

MATERIALS AND METHODS

Microcosm setup. All biotic and abiotic microcosms were performed at identical settings with con-
tinual shaking at 150 rpm at room temperature (20 to 25°C). A total of 80 L of seawater (~10 m depth,
31.24 ppt) was collected from Ocean Science Centre at Memorial University (47.6248°N, 52.6627°W) in
the spring of 2019. This seawater was well mixed and used immediately for the preparation of all of the
microcosms throughout this study to ensure that they were homogenous. All flasks were acid-washed
and autoclaved prior to use, and all microcosms were conducted in triplicate. The biotic microcosms
were set up with freshly collected seawater, while the abiotic microcosms were set up using the presteri-
lized seawater. For small-scale microcosms, each 500 mL flask was filled with 250 mL seawater. For
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large-scale microcosms, each 4,000 mL flask was filled with 1,500 mL seawater. The dilbit (Cold Lake
Blend [CLB]) and chemical dispersant (Corexit 9500A) were obtained from Fisheries and Oceans Canada,
Dartmouth, NS. The dilbit was fully dispersed at room temperature and added directly using a pipette
(Gilson Microman E) to achieve a final dilbit concentration of 30 ppm (i.e.,, 7.5 mg in small-scale micro-
cosms and 45 mg in large-scale microcosms). To select the dispersant dose, the dispersion effectiveness
was tested beforehand at dispersant/oil ratios (DOR) (vol/vol) of 1:10, 1:20, 1:50, and 1:100 using the
baffled flask test (47). A DOR of 1:10 was selected due to the best performance. The dispersant was then
directly pipetted to oil slick (i.e., 0.82 uL in small-scale microcosms and 4.92 wl in large-scale
microcosms).

Chemical analysis. Determination of n-alkanes and aromatics of dilbit and dispersant components
was performed by sacrificing the complete microcosm content (including the flask wall) after 6 and
50 days of incubation to avoid the potential errors caused by sorption (48). Liquid-liquid extraction was
performed for extraction (49). Briefly, approximately 30 mL dichloromethane was added three times into
each large-scale flask to extract the hydrocarbons. The three organic solvent fractions were combined,
and residual water was removed using anhydrous sodium sulfate. The solvent fraction was concentrated
to 1 mL. An Agilent 7890A gas chromatography-mass spectrometer (GC-MS) equipped with a DB-5MS
column was applied for oil analysis based on our previous study (37). Helium was the carrier gas at a
flow rate of 1.0 mL min~', and the GC oven temperature was set at 50°C for 2 min, then ramped up at
6°C min~' to 300°C for 20 min. MS detection was conducted in the electron ionization (El) mode with
70 eV and an ion source temperature of 300°C. Individual compounds were identified from their mass
spectra. All hydrocarbon data were normalized to the conserved internal biomarker 17a(H), 218(H) -
hopane. Figure S10 in the supplemental material indicated the dispersant components did not affect
the analysis of dilbit components.

Sample preparation for DNA and RNA sequencing. Experimental procedures for sample prepara-
tion and DNA and RNA sequencing followed the same protocol. At each time point, 6 and 50 days, the
microcosms for genomics analysis were harvested by filtering the entire contents of each flask through
0.22-um polyethersulfone membranes. The initial seawater (250 mL for small-scale and 1,500 mL for
large-scale microcosms) at T = 0 was directly filtered. Microbes were collected on the membranes, which
were transferred into 50-mL Falcon tubes and immediately flash frozen by submersion in liquid nitrogen
and stored at —80°C. The DNA and RNA were extracted simultaneously from the filtered membranes fol-
lowing the Qiagen RNeasy PowerWater kits. The extracted DNA samples were treated with RNase I, (New
England BioLabs) to remove RNA for downstream 16S rRNA gene amplicon (for both small and large
scales microcosms) and shotgun metagenomic sequencing (only for large-scale microcosms). The RNA
samples were treated with the Turbo DNA-free kit to remove all of the remaining DNA. The rRNA-
depleted RNA was then subjected to reverse-transcription to produce cDNA for shotgun metatranscrip-
tomic sequencing for large-scale microcosms.

16S rRNA gene amplicon sequencing for both small and large scales microcosms. The V4 and V5
hypervariable region of the 16S rRNA gene amplified with 515F-Y (5'-GTGYCAGCMGCCGCGGTAA-3')
and 926R (5'-CCGYCAATTYMTTTRAG TTT-3’) was used to detect both archaea and eubacteria. The 16S
rRNA gene libraries for sequencing were prepared according to Illumina’s “16S Metagenomic
Sequencing Library Preparation” guide (part number 15044223 Rev. B). Amplification of the DNA was
performed in 25 L containing 0.5 to 15 ng of DNA template, 0.4 M each primer, and 0.5 mg/mL bo-
vine serum albumin and Kapa HiFi HS RM polymerase (Roche). PCR amplification reaction conditions
involved an initial denaturation at 96°C for 3 min, followed by 25 cycles of 30 s at 95°C, 30 s at 55°C, and
30 s at 72°C, and final elongation for 5 min at 72°C. PCR products were evaluated by gel electrophoresis
and purified with the Macherey-Nagel NucleoMag NGS Clean-up and Size Select kit (D-MARK
Biosciences). Equal amounts of each purified PCR product were pooled and sequenced using the
lllumina MiSeq platform.

Sequencing data were analyzed using AmpliconTagger (50). Briefly, the raw reads were quality
checked, assembled, and clustered at 97% (VSEARCH) to form the final clusters and OTUs (51). Clusters
having abundances lower than 25 were discarded. The OTUs were assigned to a taxonomic lineage with
the RDP classifier software using an in-house training set containing the complete Silva release 128 data-
base (52, 53). With taxonomic lineages in hand, an OTU table limited to bacterial and archaeal microor-
ganisms was generated. A consensus rarefied OTU table was generated as described (50). Taxonomic
summaries were generated using QIIME v1.9.1 (54). Community richness and diversity were estimated
with 10 times rarefaction analysis to 10,765 sequences to improve data robustness. Alpha diversity (i.e.,
community richness and diversity metrics) and beta diversity (i.e., Bray Curtis dissimilarity matrix) were
computed using the R package “vegan.” Statistical significance of diversity and richness differences was
assessed using Student's t test.

Shotgun metagenomic and metatranscriptomic analysis for large-scale microcosms. Metagenomic
and metatranscriptomic libraries were sequenced on an lllumina HiSeq 4000 system with a rapid mode
2 x 100 bp configuration. A total of 15 samples were submitted for metagenomic sequencing, and 9
samples (i.e., the initial seawater at T = 0 and microcosms after 6 days of incubation with enough RNA)
were used for metatranscriptomic sequencing. The resulting data (9.8 Gb for metagenome and 55.9 Gb
for metatranscriptome) were processed through bioinformatic pipelines described previously (11).
Shotgun metagenomic sequencing reads were quality controlled (QC) (Trimmomatic v0.39) and coas-
sembled using Megahit v1.2.9 (55). Taxonomy of each contig was determined using CAT v5.0.3. Genes
were ab initio predicted on each assembled contig using Prodigal v2.6.2 (56) and annotated following
the guidelines of Joint Genome Institute (JGI), including the assignment of KEGG orthologs (57, 58). The
QC-passed reads were mapped against contigs to assess the quality of assembly and to obtain contig
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abundance profiles. Alignment files in bam format were sorted by reading coordinates using SAMtools
v1.9 (59), and only properly aligned read pairs were kept for downstream steps. Each bam file (contain-
ing properly aligned paired reads only) was analyzed for coverage of contigs and predicted genes using
bedtools v2.17.0 (27) using a bed file having each gene coordinate on each contig. Only paired reads
both overlapping their contig or gene were considered for gene and contig abundance computation.
These latter matrices were normalized to obtain CPM (counts per million) using edgeR v3.10.2 (60).
Shotgun metagenomic data were further processed to generate MAGs using MetaBAT v2.12.1 (61).
Genes annotated with KEGG entries associated with dilbit accessing and degradation were chosen for a
focused analysis. For the microbial chemotaxis and secretion systems, genes in bacterial chemotaxis
(KEGG pathway number ko02030) and bacterial secretion system (KEGG pathway number ko03070)
were integrated. For the degradation of alkanes, genes in fatty acid degradation (KEGG pathway number
ko00071) that were responsible for the degradation of alkanes were analyzed. For the degradation of
aromatics, genes in modules (KEGG pathway numbers M00538, M00537, M00419, M00547, M00548,
MO00551, M00568, M00569, M00539, M00543, M00544, M00418, M00541, M00540, M00534, M00624,
MO00623, M00636, M00545) in degradation of aromatic compounds (KEGG pathway number ko01220)
were summarized.
Shotgun metatranscriptomic sequencing data were controlled for quality (Trimmomatic) and aligned
on metagenomic coassembled contigs generated as described above to obtain a gene expression matrix
of each sample readily comparable with the gene abundance matrix obtained with metagenomic data.
The gene expression matrix was normalized with edgeR to generate normalized CPM counts.

Data availability. All raw sequence reads, including 16S rRNA gene amplicon sequencing, metage-
nome, and metatranscriptome, have been submitted to NCBI's SRA and are available under the

BioProject PRINA704368. Other associated information is available upon request.
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