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Dispersants can aid dispersion and biodegradation of oil in seawater, but the wider ecotoxicological effects of oil
and dispersant to the base of marine food webs is unclear. Here we apply a metatranscriptomic approach to
identify molecular responses of a natural marine microbial eukaryotic community to oil and chemically dispersed

Keywords: ) oil. Oil exposure stimulated the upregulation of ketogenesis in the eukaryotic community, which may alleviate
M-etatll‘anscrlptomes carbon- and energy-limitation and reduce oxidative stress. In contrast, a chemically dispersed oil treatment
Oil spill . . . . . .

Chemical dispersant stimulated eukaryotic genes and pathways consistent with nitrogen and oxygen depletion. These results suggest
Phytoplankton that the addition of dispersant may elevate bacterial biodegradation of crude oil, indirectly increasing compe-
Protists tition for nitrogen between prokaryotic and eukaryotic communities as oxygen consumption induces bacterial
Ketogenesis anaerobic respiration and denitrification. Eukaryotic microbial communities may mitigate some of the negative

effects of oil exposure such as reduced photosynthesis and elevated oxidative stress, through ketosis, but the
addition of dispersant to the oil fundamentally alters the environmental and ecological conditions and therefore
the biochemical response of the eukaryotic community.

Metabolic stress

1. Introduction

Oil spills damage the marine environment (Transportation Research
Board and National Research Council, 2002). Dispersants can reduce
beach pollution and elevate biodegradation, but may also increase the
toxicity of oil by solubilizing oil components, including polycyclic aro-
matic hydrocarbons (PAHs), making them more bioavailable to marine
organisms (Wolfe et al., 2000, 1998). The 2010 Deepwater Horizon
(DwH) incident is one of the largest accidental oil spills in recent history,
releasing an estimated 4-6 million barrels of Macondo oil into the Gulf
of Mexico (Crone and Tolstoy, 2010; McNutt et al., 2012). The appli-
cation of chemical dispersants following the DwH spill was unprece-
dented in both its scale (nearly 3 million liters) and its use directly at the
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burst wellhead on the seafloor (Kujawinski et al., 2011). Considerable
effort has been devoted to developing our understanding of how oil and
dispersants influence the metabolic processes of prokaryotic microbes
(bacteria and archaea) in the Gulf (Handley et al., 2017; Kimes et al.,
2013; Mason et al., 2014; Rivers et al., 2013) but relatively little work
has been done to quantify and understand the effects of oil and disper-
sants on marine eukaryotic microbes.

Marine eukaryotic communities are extraordinarily diverse, with
very few species well-studied in culture. Data to date indicate that oil
and chemical dispersants can coat and damage the cell wall and cellular
membranes (Carvalho et al., 2011a; Hook and Osborn, 2012), damage
DNA (Deasi et al., 2010), inhibit motility (Garr et al., 2014), and affect
photosynthesis and growth rate (Bretherton et al., 2018; Hsiao et al.,
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1978). Considerable variability in physiological responses to oil and
oil-dispersant mixtures across eukaryotic species and communities has
been reported (Finkel et al., 2020; Gemmell et al., 2018; Gilde and
Pinckney, 2012). This variability impedes efforts to model the effects of
oil spills and dispersant application on marine ecosystems. Some of the
variability in the responses of eukaryotic microbes to oil versus
chemically-dispersed oil is likely due to chemical interactions between
eukaryotes, and between eukaryotes and prokaryotes in the community
(Gutierrez et al., 2013; Thompson et al., 2017). For example, chemical
dispersants can facilitate the biodegradation of hydrocarbons by bac-
teria, and this could facilitate changes in the microenvironment around
the microbial eukaryotes by increasing the bioavailability of toxic oil
compounds and biodegradation products and by increasing competition
for nutrients between eukaryotic and bacterial members of the
community.

Traditionally, research on the impact of oil and dispersants on ma-
rine eukaryotic communities has focused on quantifying taxonomic
structure and bulk physiology (Bik et al., 2012; Bretherton et al., 2019;
Campeao et al., 2017). Transcriptomic analyses provide unprecedented
levels of detail into the physiological and biochemical responses of eu-
karyotes to stressors such as oil and chemical dispersants. Pioneering
gene expression work has focused on model eukaryotic phytoplankton
species such as the diatom Thalassiosira pseudonana (Bopp and Lettieri,
2007; Carvalho et al., 2011a, 2011b) and the diatom Phaeodactylum
tricornutum (Hook and Osborn, 2012) with the goal of identifying
cellular responses to polyaromatic hydrocarbons (components of crude
oil) or single highly differentially expressed genes to be used as bio-
markers for hydrocarbon exposure. Here we use a metatranscriptomic
approach to identify the dominant gene- and pathway-level responses of
the eukaryotic component of a natural Gulf of Mexico planktonic mi-
crobial community to a 72 h exposure to oil and diluted chemically
dispersed oil treatments. This approach has the potential to identify
changes in eukaryotic metabolism induced by direct responses to oil and
dispersant plus indirect responses resulting from bacterial degradation
of hydrocarbons. Using this approach, we find that the addition of
dispersant fundamentally alters the biochemical response of the mi-
crobial eukaryotic community to oil.

2. Materials and methods
2.1. Experimental set-up and sampling

Twelve 100 L tanks were filled with Gulf of Mexico seawater
collected from the Texas coastline on October 17, 2015, from a pipeline
located ~100 m offshore from Galveston (Texas, USA) at 29.2726°N
94.8126°W and transferred to a holding tank at the Texas A&M Uni-
versity at Galveston (TAMUG) campus. Four treatments were prepared
in triplicate, after the method described in Wade et al. (2017). Briefly,
the water accommodated fraction (WAF) of oil was prepared by mixing
25 mL (5 mL every 30 min for 2.5 h) of Macondo surrogate oil (collected
from the Marlin platform of the Dorado field 23 miles NE of Macondo)
into 130 L of seawater in a baffled recirculating tank. Mixing ended 24 h
after the initial oil addition. The WAF was then introduced into the WAF
tanks and filled to 87 L and mixed. In order to make a chemically
enhanced water accommodated fraction (CEWAF), Corexit was mixed
with Macondo surrogate oil in a ratio of 1:20 and 25 mL of this mixture
(5 mL every 30 min for 2.5 h) was added to 130 L of seawater. Mixing
ended 24 h after the initial oil addition. The CEWAF was then introduced
into the CEWAF tanks and filled to 87 L and mixed. Diluted CEWAF
(DCEWAF) was prepared by mixing 9 L of CEWAF with 78 L of the
original seawater for a total volume of 87 L to achieve a 9.7-fold dilution
of CEWAF. Control tanks were filled with untreated seawater.

A coastal plankton slurry was used to seed the tanks and was
collected at the TAMUG docks using tow nets (63 pm) and pre-filtered
with a 115 pm mesh to exclude larger grazers. At the start of the
experiment (time 0), 2 L of slurry was stirred into each tank. Banks of
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fluorescent lights (Sylvania GRO-LUX) were placed behind each of the
glass mesocosm tanks to achieve about 50-65 pmol photons m~2s~! at
the illuminated face of the tank and a 12:12 light:dark cycle employed.
Mesocosms were maintained at 19 °C. The estimated oil equivalents
(EOE) were determined using Macondo surrogate oil as the calibration
standard (Wade et al., 2011) for the fluorescence analyses (Horiba Sci-
entific Aqualog Fluorometer). The EOE mean concentration of the three
mesocosms for the control, WAF, DCEWAF and CEWAF at the start of the
experiments were 0, 0.26, 2.74 and 41.5 mg/L, respectively and after 72
h were 0, 0.06, 1.03 and 17.3 mg/L, respectively. Oil droplet size dis-
tributions in the baffled recirculating tank used to make WAF, degra-
dation rates over the three days of this experiment (M2), and GC/MS
analysis of aromatic components of Macondo surrogate and chemically
dispersed oil are provided by Wade et al. (2017). A nutrient auto-
analyzer was used to measure macronutrient concentrations. Nitrate
concentration at time 0 averaged 17.8 £ 1.6 pmol/L (n = 10, reporting 1
standard error as the uncertainty, after removing 2 outlier observations
> 50 pmol/L) across all treatments. After 72 h, nitrate concentration had
decreased to 4.5 & 0.7 pmol/L (n = 3) in the control, 1.3 & 0.8 pmol/L
(n = 3) in DCEWAF, 1.0 + 0.5 pmol/L in CEWAF and was below the
detection limit (<0.1 pmol/L) for all n = 3 observations in WAF. Only
minor changes were observed in phosphate, silicate, nitrite, ammonium,
and urea concentrations. We chose 72 h after the addition of the
plankton slurry to be the end point of the experiment as aggregates had
formed, the oil concentration had changed (see Wade et al., 2017; Doyle
et al., 2018), and we anticipated there would be a transcriptomic signal
in the eukaryotic community.

2.2. RNA extraction and sequencing

At the end of the experiment (t = 72 h), plankton from the tanks were
filtered on 0.8 pm polycarbonate filters to concentrate the eukaryotic
component of the community. Filters were transferred quickly from
—80 °C storage to Y-matrix bead tubes (MPBio) containing 900 pL
denaturing buffer (Ambion Totally RNA kit, AM1910) and immediately
disrupted by 2 cycles of 30 s (separated by 1 min on ice) at maximum
speed with an MPBio SuperFastprep2, followed by centrifugation for 10
min at 13 000 rpm (Bretherton et al., 2019). RNA purification was
performed using the Ambion Totally RNA kit, AM1910), followed by a
DNase treatment with (Turbo DNase, Ambion AM1907) according to the
manufacturer instructions. RNA quality was determined through gel
electrophoresis and spectrophotometric measurements. Three replicate
samples per treatment yielded good quality RNA and were used for li-
brary construction. nRNA was sequenced (Illumina HiSeq, 2000) by the
Genome Quebec Innovation Centre McGill University using the TruSeq
mRNA stranded library preparation protocols (Illumina) for 100 bp
paired-end reads.

2.3. Sequence processing and taxonomic classification

The quality of the raw reads was assessed using FASTQC (version
0.11.6) (Andrews, 2016). Trimmomatic (version 0.32, Bolger et al.,
2014) was used to remove bases with quality scores below 20 and reads
shorter than 32 bp. Kraken (v1, standard parameters) was used to
separate reads into three groups: (1) reads similar to bacterial genes or
genes of prokaryotic origin, (2) reads similar to rRNA of prokaryotes or
eukaryotes, and (3) reads which were presumed to be of eukaryotic
origin using the standard Kraken library of bacterial, archaeal and viral
genomes from RefSeq, the SILVA rRNA database (release 128), and the
NCBI nucleotide database (Quast et al., 2012; Wood and Salzberg,
2014). Sequences that were categorized as eukaryotic in origin were
used for assembly and gene expression analysis. The left and right paired
reads were assembled into transcripts using Trinity (version 2.6.6,
Grabherr et al., 2011; Haas et al., 2013) separately for each replicate and
treatment. The transcripts were then combined into a single set and
clustered to reduce redundancy using CD-HIT-EST module in CD-HIT



D. Nanjappa et al.

suite at 100% similarity threshold (Li and Godzik, 2006).

We determined the taxonomic identity of the RNA reads obtained
from the mesocosms using a database of transcripts from the Marine
Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP)
(Keeling et al., 2014). The MMETSP provides 678 transcriptomes of
about 400 taxa and is the best compilation of marine eukaryotic tran-
scriptomes, but due to the tremendous diversity of marine eukaryotes in
the ocean we anticipated that many of our reads will not be identified
using these data. The taxonomic origin of the assembled transcripts was
identified using the Diamond annotation tool (Buchfink et al., 2015)
through homology (blastx) searches against MMETSP peptide data,
selecting the best match with a e-value cutoff of 1073, Taxonomic
matches are likely to be approximate, so we aggregated counts into the
ten largest categories of transcriptomes: 178 Bacillariophyta, 119
Dinophyta, 74 Ochrophyta, 62 Chlorophyta, 62 Haptophyta, 27 Cil-
iophora, 22 Cryptophyta, 8 Lobosa, 3 Bicosoecida, 2 Choanozoa tran-
scriptomes and 106 transcriptomes we aggregated into an “others”
category, following the taxonomic identification provided with the
MMETSP data.

2.4. Gene expression and pathway enrichment

Transcript abundances (transcripts per million, TPM) were deter-
mined using Kallisto (version 0.43.1, Bray et al., 2016a). Gene annota-
tions were obtained using the Diamond annotation tool (Buchfink et al.,
2015) through best homology (blastx) searches against the Uniprot
protein database at an e-value cutoff of 10”3, KEGG annotations were
obtained through both the Uniprot database and the GhostKOALA
(KEGG Orthology And Links Annotation) (Suzuki et al., 2014). Differ-
ential gene expression analysis was performed with sleuth (version
v0.28.1, Pimentel et al., 2017) utilizing Kallisto counts aggregated ac-
cording to KO gene annotation. KOs with q-values < 0.05 were
considered significantly differentially expressed. KEGG pathways and
Brite categories from the 4 groups: 1) Cellular Processes, 2) Environ-
mental Information Processing, 3) Genetic Information Processing, and
4) Metabolism were selected for KEGG enrichment analyses. Pathways
with detected KO ID counts less than 5 were removed from further an-
alyses and pathway enrichment analysis was performed following Liang
et al. (2019).

3. Results

A total of approximately 2.9 million (M), 2.3M, 1.5M and 1.7M
transcripts belonging to control, WAF, DCEWAF and CEWAF treatments,
respectively were assembled (Table S1). About 20-50% of these were
annotated to taxa using the MMETSP data (53%, 54%, 22%, 41%, in
each treatment, respectively). Of these, transcripts classified as Bacil-
lariophyta (diatoms) dominated all samples, averaging 52.1, 43.6, 64.1
and 63.7% (Table S2) in the control and the WAF, DCEWAF and CEWAF
treatments, respectively. In the control and DCEWAF treatment, Dino-
phyta (dinoflagellates) transcripts were the second dominant group,
while in WAF and CEWAF, transcripts belonging to Ochrophyta (30.7
and 18.1%, respectively) were more abundant than Dinophyta (8.3 and
8.5%, respectively). Together these formed the three most abundant
groups in all the three treatments. Bicosoecida, Ciliophora, and various
other phyla formed the remainder of the taxonomic composition
(Table S2).

A total of 11 895, 11 606, 10 840 and 10 744 distinct genes were
counted in the control, WAF, DCEWAF and CEWAF treatments respec-
tively, using Kallisto (version 0.43.1) with KEGG database identifica-
tions (KO IDs) belonging to 319 KEGG pathways (Bray et al., 2016b). Of
these, 6960, 7219 and 6318 genes in WAF, DCEWAF and CEWAF,
respectively, were filtered using sleuth (using default settings, Pimentel
et al., 2017) and analyzed for differential gene expression (DE). Among
the DE genes, DCEWAF had highest number of upregulated (1547 genes,
45% of the total 3437 DE genes), while in CEWAF most of the genes were
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downregulated (2480 genes, 97%; total 2553 genes) (Fig. S1, Table S1).
The WAF results were intermediate between the other treatments, with
63% (951) upregulated and 37% (556) downregulated (total 1507
genes). The differentially expressed genes vary across the treatments;
there are only 12 commonly upregulated and 372 downregulated genes
across the three treatments (Fig. S1). Between the treatments, WAF and
DCEWAF had the most common upregulated genes (141) while DCE-
WAF and CEWAF had the most common downregulated genes (854).
Individually, DCEWAF had the highest numbers of upregulated genes
that were unique to the treatment (1295 genes) while CEWAF had the
highest number of unique down-regulated genes (949). Due to the large
proportion of downregulated genes in the CEWAF treatment, our
pathway enrichment calculation cannot be applied, thus, we focus on
the comparison of the WAF and DCEWAF treatments (Table 1).
Pathway enrichment analysis indicated 7, 22 and 0 pathways were
enriched for upregulated genes and 5, 21, 20 pathways were enriched
for downregulated genes in the oil (WAF), diluted chemically dispersed
oil (DCEWAF) and concentrated chemically dispersed oil (CEWAF)
treatments, respectively (Data S1). A total of 27 pathways were signif-
icantly enriched in upregulated genes, of which 5 were unique to WAF,
20 were unique to DECWAF, and 0 were unique to CEWAF. A total of 30
pathways were significantly enriched in downregulated genes, of which
2 were unique to WAF, 10 were unique to DCEWAF, and 9 were unique
to CEWAF. The lack of pathways enriched in upregulated genes under
the CEWAF treatment reflects significant physiological stress and cell
death, making it difficult to compare to the other treatments. The large
proportion of differentially expressed genes in the CEWAF treatment

Table 1

KEGG metabolic pathways significantly enriched in up (yellow arrow) or down
(purple arrow) regulated genes in oil (water accommodated fraction, WAF) and
diluted chemically dispersed oil (DCEWAF) treatments (hypergeometric test,
FDR-corrected p < 0.05).

KEGG ID Metabolic pathways WAF DCEWAF

Amino acid metabolism

ko00250 Alanine, aspartate and glutamate metabolism ﬁ
ko00220 Arginine biosynthesis ﬁ
ko00380 Tryptophan metabolism

ko00280 Valine, leucine and isoleucine degradation

Carbohydrate metabolism

ko00650 Butanoate metabolism

ko00660 C5-Branched dibasic acid metabolism
k000020 Citrate cycle (TCA cycle)

ko00640 Propanoate metabolism

ko00620 Pyruvate metabolism

Energy metabolism

&6 o » B

D DHGD DD DD

ko00910 Nitrogen metabolism

ko00190 Oxidative phosphorylation

ko00194 Photosynthesis proteins

ko00195 Photosynthesis

Lipid metabolism

ko00061 Fatty acid biosynthesis

ko00071 Fatty acid degradation ﬁ
ko00062 Fatty acid elongation ﬁ
ko00600 Sphingolipid metabolism

Metabolism of cofactors and vitamins

ko00790 Folate biosynthesis
ko00750 Vitamin B6 metabolism

Metabolism of terpenoids and polyketides
ko00906 Carotenoid biosynthesis

Nucleotide metabolism
ko00230 Purine metabolism

ko00240 Pyrimidine metabolism

DD G DD @
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reduced the utility of our pathway enrichment analysis. We focus our
analysis on a comparison of the WAF and DCEWAF treatments and their
impact on pathways associated with core metabolism (Table 1).

The enrichment of metabolic pathways and differential expression of
genes differed substantially across the metatranscriptome in the oil and
chemically dispersed oil treatments (Tables 1, S1, Fig. 1, S1). The only
similarities in pathway enrichment were an enrichment in down-
regulated genes associated with oxidative phosphorylation and an
enrichment of upregulated genes associated with butanoate and prop-
anoate metabolism, although the specific upregulation of genes within
the butanoate and propanoate pathways differed across the treatments
(Fig. S2). Nitrogen metabolism was the only pathway enriched in
upregulated genes in DCEWAF and enriched in downregulated genes in
WAF (Fig. S2). The raw sequence data and assembled transcriptome
were deposited at NCBL. Gene annotations, counts, and differential
expression and pathway enrichment analyses (Data S1-S4) were
deposited at GRIIDC (see Data Availability).

4. Discussion

Oil can penetrate eukaryotic cells, damage membranes, disrupt
cellular processes, and cause increased reactive oxygen stress (Carvalho
et al., 2011Db). Although the addition of dispersant facilitates biodegra-
dation of oil by bacteria, it may also increase membrane and cellular
damage and the bioavailability of toxic oil compounds to eukaryotes
(Cerniglia and Sutherland, 2010; Hook and Osborn, 2012; Rughoft et al.,
2020, 2021). Here we quantify the transcriptomic response of a natural
community of eukaryotes, together with its associated prokaryotic
community (but with the prokaryotic signal subtracted in the bio-
informatic pipeline). We identify the genes and pathways that eukary-
otes differentially regulate in response to exposure to oil and chemically
dispersed oil to better understand the biochemical impact of dispersant
on the eukaryotic base of the marine food web. We find that chemically
dispersed oil stimulates a different set of differentially expressed genes
and metabolic pathways than oil exposure alone (Table 1), indicating
the addition of dispersant to oil dramatically alters the response of eu-
karyotes in marine microbial communities.

We observed an upregulation of several pathways in the marine
eukaryotic metatranscriptome showing that crude oil exposure stimu-
lates ketogenesis or a switch from metabolizing sugars to metabolizing
lipids and producing ketone bodies. Specifically, the upregulation of
tryptophan degradation (ko00380), valine, leucine and isoleucine
degradation, and fatty acid degradation is consistent with a relative
increase in the production of acetyl-CoA and the upregulation of the TCA
cycle (Table 1, Fig. S2) (Hildebrandt, 2018) while oxidative phosphor-
ylation, typically the primary sink for electrons from the TCA cycle, is
downregulated (Fig. 1, S2, Table 1, specifically the electron transport
chain (ko00195, Fig. S2)). In combination, this indicates that acetyl-CoA
and reductant produced from the catabolism of fatty acids, tryptophan,
leucine, and isoleucine is being shuttled to ketogenesis (ko00072,
Fig. S3) (Aneja et al., 2002; Cahill, 2006; Krishnakumar et al., 2008;
Robinson and Williamson, 1980). Furthermore, there is an enrichment
in upregulated genes in the butanoate and propanoate pathways
(Fig. S2). Fatty acid and lysine degradation (ko0031, Fig. S3) produce
butanoyl-CoA while isoleucine degradation leads to propanol-CoA.
These molecules can in turn be broken down into metabolites that can
be used in the TCA cycle as well as for the biosynthesis of ketone bodies.
Indeed, genes related to the ketone body biosynthesis pathway
(ko00072, Fig. 1, S3) are significantly upregulated (Data S2). The final
product of ketogenesis appears to be 3-hydroxybutanoate which is a
substrate for the synthesis of poly-beta-hydroxybutyrate (PHB)
(ko00072, Fig. S3) (Dedkova and Blatter, 2014). Although the genes for
the conversion of 3-hydroxybutanoate to PHB have not been upregu-
lated, many genes involved in the synthesis of PHB from butanoyl-CoA
are upregulated. PHB synthesis is known to act as an electron sink
under suboptimal conditions (Ackermann et al., 1995; Batista et al.,
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2018). In summary, these results indicate that ketosis may be an
important mechanism used by marine microbial eukaryotes to mitigate
oil-related stress. Both the reduced gas and nutrient acquisition induced
by oil exposure may be the cause of the elevated ketosis. Previous work
suggests that oil exposure can negatively impact eukaryotic cell mem-
branes through both physical and chemical disruption (Baker, 1970;
O’Brien and Dixon, 1976). In addition, genes related to the C4 dicar-
boxylic acid cycle (malate, pyruvate, and phosphoenol-pyruvate,
ko00710, Fig. S3) are upregulated, providing additional support for
the hypothesis that the oil treatment resulted in reduced CO, avail-
ability, and perhaps a relative increase in C4 photosynthesis (Fig. 1)
(Hesketh, 1963; Moss, 1962). The nitrogen metabolism pathway is also
enriched in downregulated genes (Fig. S2), indicating the oil exposure
treatment may have inhibited nutrient uptake by the microbial eu-
karyotes, although this signal may be due primarily to a relatively larger
decline in nitrate concentration in the oil treatment relative to the
control. Overall, our results suggest oil exposure compromises eukary-
otic membranes, reducing the ability of both the autotrophic and het-
erotrophic members of the eukaryotic community to access inorganic
and organic nutrition, leading to a breakdown of amino acids and fatty
acids to generate energy and reduce oxidative stress.

The metatranscriptomic response of the eukaryotic microbial com-
munity to dilute chemically dispersed oil is significantly different from
the response to oil alone (Table 1, Fig. 1). This is likely in part because
the dilute chemically dispersed oil treatment is associated with higher
levels of bacterial activity and the degradation of oil (see Doyle et al.,
2018; Wade et al., 2017). Consequently, the eukaryotic components of
the community are exposed to higher concentrations of oil biodegra-
dation products, which have been shown to have toxic effects on cell
membranes and membrane-dependent processes (Hook and Osborn,
2012). The dispersant could independently be responsible for some of
the differences in the metatranscriptomic response, as it can also cause
membrane damage, metabolic stress, and cellular damage (Rughoft
et al., 2020, 2021). The upregulation of several genes within the buta-
noate pathway and propanoate pathways in this treatment strongly in-
dicates it is the dispersed oil that is responsible for some of the unique
responses in the eukaryotic metatranscriptome. In particular, the upre-
gulation of acetaldehyde dehydrogenase (acetylating) [EC:1.2.1.10]
(ko00650, Fig. S2) within the butanoate pathway is consistent with an
increase in the absorption of 1-butanol, a product of bacterial degra-
dation of aliphatic hydrocarbons (Giingormedi et al., 2014; Preusting
et al., 1990). The upregulation of genes within the propanoate pathway
strongly indicate the activation of the ‘methylcitrate cycle’ (Fig. S2)
(Bramer et al., 2002; Bramer and Steinbiichel, 2001; Brock and Buckel,
2004), a fungal pathway known to metabolize propanoate, a product of
bacterial degradation of aromatic hydrocarbons (Chakka et al., 2015). In
contrast, in the oil treatment, the propanoate pathway is enriched due to
isoleucine degradation, while butanoate metabolism is upregulated due
to fatty acid and lysine degradation (Fig. 1).

In the dilute dispersed oil treatment, we also see indications that the
eukaryotic community is experiencing nitrogen limitation (Fig. 1); we
hypothesize this is due to low oxygen conditions and denitrification. It is
likely that the dispersed oil treatments stimulated elevated bacterial
(and perhaps fungal) degradation of oil resulting in reduced oxygen
within these experimental tanks (although oxygen was not measured in
this experiment). Furthermore microbe-oil aggregates formed within the
tanks (Doyle et al., 2018), and this likely would have resulted in local-
ized hotspots of low oxygen concentration that could have enhanced
denitrification (Fdz-Polanco et al., 2001). Evidence for this hypothesis
includes an upregulation of genes involved in the conversion of pyruvate
to acetate and ethanol in the glycolysis/gluconeogenesis pathway
(ko00010, Fig. S3), indicating incomplete oxidation of glucose (Niimura
et al.,, 1989), and the differential expression of genes involved in the
conversion of lactate to acryloyl-CoA in the propanoate metabolism
pathway (ko00640, Table 1, Fig. S2) (Buckel, 1992). Nitrogen meta-
bolism is significantly enriched in upregulated genes (Table 1), and
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Fig. 1. Summary of the effect of oil (top) and diluted
chemically dispersed oil exposure (bottom) on
selected metabolic pathways of a Gulf of Mexico
marine eukaryotic community. Enriched pathways
are highlighted in yellow (upregulated) and purple
(downregulated). KEGG pathways that are not
enriched are gray and key upregulated subpathways
are in parentheses. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

Propanoate
metabolism

Degraded hydrocarbons

metabolism

Upregulated pathway |:| Downregulated pathway I:I Pathway not enriched

more specifically there is an upregulation of both dissimilatory and
assimilatory nitrate reduction (ko00910, Fig. S2), suggesting the
chemically dispersed oil treatment stimulated increased nitrate limita-
tion due to increased bacterial denitrification under oxygen limitation
(Fdz-Polanco et al., 2001). We observed reduced nitrate concentrations
in all three treatments relative to control after 72 h, so we speculate that
the microenvironments in aggregates and around cells likely influenced
the metabolic response in the chemically dispersed oil treatments.
Alternatively or in addition, N-limitation could stem from the
increased damage to cell membrane lipids and proteins due to increased
availability of the oil compounds or the dispersant itself (Hook and
Osborn, 2012). Photosynthetic eukaryotes are known to activate
assimilatory nitrate reduction and/or catabolism of cellular
nitrogen-containing compounds to obtain nitrogen under these condi-
tions. Consistent with this, we observe an upregulation of the
glutamate-glutamine cycle in the oil-dispersant treatment (ko00910,

Table 1, Fig. S2), which may reflect increased re-assimilation of
ammonia from the catabolism of amino acids and nucleic acids. Gene
expression further indicates that L-glutamine and L-glutamate are con-
verted into folate (ko00790) and purine and pyrimidine (Table 1,
Fig. S2). The upregulated genes in the pyrimidine metabolism pathway
(Table 1, Fig. S2) suggest that de novo synthesized UMP and CMP were
degraded to thymine whose later metabolites were further degraded to
acetyl-CoA through the valine, leucine and isoleucine degradation
pathway and the propanoate metabolism pathway (Green et al., 2016;
Zrenner et al., 2006) while the upregulated genes in the purine meta-
bolism pathway (Table 1, Fig. S2) indicates de novo synthesized IMP was
converted to dGMP, dAMP, deoxyguanosine, deoxyinosine, and urea
which were finally broken down to produce NH3 and CO,. Of note the
pathways for the synthesis of GTP, ATP, dGTP, dATP were all down-
regulated, indicating a net decrease of nucleotides. The urea cycle and
arginine biosynthesis are also enriched in upregulated genes (Fig. S2).
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The upregulated genes in arginine biosynthesis (Table 1, Data S2;
Fig. S2) suggest the catabolism of arginine is followed by conversion to
2-oxoglutarate to fumarate through the urea cycle rather than the TCA
cycle (Allen et al., 2011; Quintero et al., 2000). Taken together, these
results reveal that chemically dispersed oil exposure can alter microbial
eukaryotic community dynamics, speeding up oil degradation, and
decreasing the bioavailability of oxygen and nitrate in our relatively
closed system. In response the eukaryotic microbes upregulate pathways
and genes associated with the catabolism of cellular nitrogen and
biosynthesis of fatty acids, which is a typical response to N-limitation
and reactive oxygen stress (ROS).

There are several lines of evidence suggesting a higher level of ROS
in the dilute chemically dispersed oil versus oil treatment including the
differential regulation of genes in the TCA cycle, from succinyl-CoA to
isocitrate (Fig. S2), along with the upregulation of isocitrate lyase [EC:
4.1.3.1] and malate synthase [EC: 2.3.3.9] in the glyoxylate and dicar-
boxylate metabolism pathway (ko00630, Fig. S3, Data S1). The glyox-
ylate cycle is involved in the metabolism of HyO» in the peroxisome,
regulating ROS (Ahn et al., 2016; Schnarrenberger and Martin, 2002). In
addition, there is an enrichment of upregulated genes associated with
fatty acid biosynthesis (Table 1, Fig. S2) and photosystem I, along with
downregulation of the photosynthetic electron transport chain
(ko00195, Table 1, Fig. S2). Fatty acid biosynthesis acts as an electron
sink under a range of environmental stresses and has been associated
with a ROS signal (Sekiya et al., 2008). Interestingly, in both the oil and
the dilute chemically dispersed oil treatments, a potential accumulation
of poly-beta-hydroxybutyrate (ko00072, Fig. S3) was observed which
suggests this polymer may be involved in stress-compatible electron
storage in the marine eukaryotes (Kadouri et al., 2003; Kulakovskaya
et al., 2016; Obruca et al., 2018).

In conclusion, we find dramatic differences in the metatran-
scriptomic response of a Gulf of Mexico marine eukaryotic microbial
community exposed to oil versus chemically dispersed oil. In response to
oil exposure, the eukaryotes switch from oxidative phosphorylation to
ketogenesis to mitigate nutrient limitation likely induced by the inter-
action of oil with cell membranes. Ketosis may reduce cellular reactive
oxygen stress under moderate oil stress. The switch from metabolizing
sugar to fatty acids and branched-chain amino acids may be a survival
strategy that many eukaryotic microbes can employ when exposed to
oil. In contrast, in response to chemically dispersed oil exposure, there is
no evidence of ketogenesis and the eukaryotic metatranscriptomic
response suggests there is an increase in the bioavailability of hydro-
carbons, ROS, and reduced bioavailability of oxygen and nitrogen to the
eukaryotes, especially those associated with oil-microbe aggregates, due
to elevated biodegradation of oil by bacteria. The impact of oil and oil-
dispersant mixtures on the microbial eukaryotic community is affected
by community composition, environmental variables, the bacterial
community and the concentration and composition of oil and dispersant.
Complementary experiments in larger mesocosms or natural experi-
ments in the open ocean are required to test these preliminary conclu-
sions from our closed, minimally mixed experiment. More work is
required to determine the reproducibility of these results across different
eukaryotic communities, environmental conditions, and oil and
dispersant concentrations before making recommendations for
management.
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