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Abstract

Background Canadian Arctic summer sea ice has dramatically declined due to global warming, resulting in the rapid
opening of the Northwest Passage (NWP), slated to be a major shipping route connecting the Atlantic and Pacific
Oceans by 2040. This development elevates the risk of oil spills in Arctic regions, prompting growing concerns

over the remediation and minimizing the impact on affected shorelines.

Results This research aims to assess the viability of nutrient and a surface washing agent addition as potential
bioremediation methods for Arctic beaches. To achieve this goal, we conducted two semi-automated mesocosm
experiments simulating hydrocarbon contamination in high-Arctic beach tidal sediments: a 32-day experiment

at 8 °C and a 92-day experiment at 4 °C. We analyzed the effects of hydrocarbon contamination, biostimulation,

and a surface washing agent on the microbial community and its functional capacity using 16S rRNA gene sequenc-
ing and metagenomics. Hydrocarbon removal rates were determined through total petroleum hydrocarbon analy-
sis. Biostimulation is commonly considered the most effective strategy for enhancing the bioremediation process

in response to oil contamination. However, our findings suggest that nutrient addition has limited effectiveness

in facilitating the biodegradation process in Arctic beaches, despite its initial promotion of aliphatic hydrocarbons
within a constrained timeframe. Alternatively, our study highlights the promise of a surface washing agent as a poten-
tial bioremediation approach. By implementing advanced -omics approaches, we unveiled highly proficient, uncon-
ventional hydrocarbon-degrading microorganisms such as Halioglobus and Acidimicrobiales genera.

Conclusions Given the receding Arctic sea ice and the rising traffic in the NWP, heightened awareness and pre-
paredness for potential oil spills are imperative. While continuously exploring optimal remediation strategies
through the integration of microbial and chemical studies, a paramount consideration involves limiting traffic
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in the NWP and Arctic regions to prevent beach oil contamination, as cleanup in these remote areas proves exceed-

ingly challenging and costly.

Keywords The Northwest Passage, High Arctic beaches, Oil contamination, Hydrocarbon biodegradation,
Hydrocarbon degrading microorganisms, Bioremediation, Biostimulation

Background
The Arctic is experiencing a disproportionate impact
from global warming, with a rate of warming more than
double the global average [1-3]. Temperatures have
increased at an unprecedented rate since the mid-twen-
tieth century, projected to continue warming at a rate
of approximately 0.5 degrees per decade [4]. This has
resulted in a drastic decline in summer sea ice cover in
Canadian Arctic waters, with reductions ranging from
2.9 to 11.3% per decade [5]. The rapidly opening North-
west Passage (NWP) is expected to become a major ship-
ping route connecting the Atlantic and Pacific Oceans
by 2040 [6-10], elevating the risk of oil spills [11, 12].
Should an oil spill occur and reach Arctic shorelines, it
would have profound impacts on indigenous commu-
nities and the surrounding environment [13]. Oil that
becomes stranded on the surface of beach sediments can
persist for an extended period, leading to long-term envi-
ronmental problems [14—16]. As a result, there is grow-
ing concern regarding the remediation and minimizing
impact of spilled oil on contaminated beaches.
Microorganisms are critical to the natural attenua-
tion of oil spills, and bioremediation is a cost-effective
approach in various ecosystems, including the Arctic
[17, 18]. Supplementing nutrients accelerates the bio-
degradation process by stimulating hydrocarbon degrad-
ing microorganisms that convert aromatic and aliphatic
hydrocarbons aerobically and anaerobically into the
tricarboxylic acid cycle [19-21]. The degradation of
aliphatic and aromatic hydrocarbons is facilitated by
enzymes such as alkane monooxygenases (ex. AlkB) and
naphthalene dioxygenases (ex. NDO), respectively. Arctic
soils, seawater and sea ice contain hydrocarbon degrad-
ers and functional genes associated with hydrocarbon
degradation, indicating the feasibility of bioremediation
in sub-zero environments [20, 22, 23]. Previous research
confirms widespread hydrocarbon degrading microor-
ganisms and detectable degradation genes in high Arctic
beach sediments [24]. However, degradation efficiency
is highly dependent on environmental conditions, espe-
cially temperature and nutrient availability [18, 25]. Con-
sequently, the bioremediation of hydrocarbon spills in
extreme Arctic environments, such as the NWP, presents
a significant challenge due to the very low metabolic rates
of microorganisms at cold and sub-zero temperatures
combined with nutrient scarcity.

Two commonly used methods to expedite the rate of
biodegradation are biostimulation, involving the addi-
tion of nutrients to facilitate natural attenuation, and
the use of chemical surfactants [18, 19]. The efficacy of
inorganic, slow-release, and oleophilic fertilizers, which
are frequently employed as nutrients, has been demon-
strated in cold conditions [18, 20, 26]. Examples of effec-
tive biostimulation include the use of monoammonium
phosphate (MAP), an inorganic fertilizer that stimulated
the biodegradation process in Arctic soils [20], and S-200
Oilgone (formerly referred to as Inipol EAP22), an oleo-
philic fertilizer that was found to promote biodegradation
on shorelines following the Exxon Valdez oil spill [27].
Surface washing agents (SWAs), such as COREXIT
EC9580A, containing surfactants and solvents, have also
been proposed as a viable approach to clean up oil-con-
taminated shorelines [28]. The performance of SWAs on
shorelines is heavily influenced by environmental factors,
such as tidal waves, currents, and temperatures [28], with
colder and subzero temperatures resulting in increased
oil viscosity and decreased oil bioavailability [30-32]. The
implementation of these methods in Arctic beach biore-
mediation remains limited, and further investigation is
necessary to evaluate their efficacy.

Advanced molecular and chemical techniques are
increasingly employed in the development of effective
bioremediation strategies. Next-generation sequencing
and -omics approaches allow for a more comprehen-
sive understanding of changes in microbial community
composition and function following oil spills [26—28].
Conventional hydrocarbon-degrading microorganisms,
including Pseudomonas, Colwellia, Oleispira, and Cyclo-
clasticus, have been identified in Arctic marine environ-
ments such as seawater, sea ice, and sediments, but their
distribution varies according to different environmental
variables [22, 24, 29-31]. Genome-resolved metagenom-
ics can link specific hydrocarbon-degrading taxa with
functional genes [32]. One such example is Oleispira
antarctica, a ubiquitous hydrocarbonoclastic bacterium
thought to play a crucial role in cold marine environment
oil degradation and which possesses a variety of genes
related to alkane monooxygenases [33]. Nevertheless,
there is a lack of systematic understanding of biodegra-
dation processes in Arctic beaches, and little is known
about the microbial community structure and response
to oil contamination in these regions. Furthermore, as it
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is inappropriate to perform in situ studies that introduce
high concentrations of oil on pristine Arctic beaches [34,
35], a handful of studies are mainly limited to investigat-
ing unpremeditated oil spills in situ, such as the Exxon
Valdez and the Deepwater Horizon oil spills [36—38], as
well as conducting small-scale microcosm studies using
Arctic beach sediments, sea ice or seawater [22, 24, 39,
40]. Few studies have conducted in situ experiments
employing materials such as slate tiles and oil-coated
adsorbents to investigate degradation processes in Arctic
rocky shorelines, seawater, and sea ice under natural con-
ditions [23, 41].

In this study, we aim to address two primary questions:
(1) Evaluate the potential of nutrient addition (organic
and inorganic fertilizers) and SWAs as bioremediation
techniques for Arctic beaches, and (2) assess their impact
on the microbial community and its associated functional
capacity. To address these research questions, we devel-
oped a semi-automated mesocosm system (robo-beach)
that mimics the Arctic beach sediment environment. The
mesocosm robo-beaches, designed in a column format,
simulate the natural tidal cycle by filling and draining
every 12 h with artificial seawater. Two separate labora-
tory mesocosm experiments were conducted to simulate
hydrocarbon contamination in high-Arctic beach tidal
sediments and test the efficacy of different bioremedia-
tion techniques (nutrient/SWA additions) in reducing
overall hydrocarbon concentrations. We followed up
these experiments by assessing the levels and diversity of
hydrocarbon degradation genes and associated microor-
ganisms in the sediments and effluents of the mesocosms
using 16S rRNA gene sequencing and metagenomics.
Additionally, hydrocarbon biodegradation rates were
determined through total petroleum hydrocarbon (TPH)
analysis. We hypothesized that (1) nutrient addition
would significantly alter the microbial community by
promoting the growth of hydrocarbon-degrading micro-
organisms and increase hydrocarbon biodegradation,
and (2) SWAs would improve oil biodegradation from
Arctic beach sediments by enhancing oil bioavailability.
The results of this study are expected to contribute to the
development of effective and sustainable strategies for oil
spill remediation in Arctic coastal areas.

Methods

Sampling and setup of the laboratory mesocosm
experiments

Sediments were collected from Tupirvik beach (74.74542°
N, 95.03954° W) located on Cornwallis Island, Nuna-
vut, Canada in July 2019 and Aug 2021 (Fig. le). Sur-
face sediments (<10 cm) were collected using a shovel
which was carefully rinsed with ethanol before each
sample collection and transferred to sterile Whirl-Pak®
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bags (Whirl-Pak® Flitration Group). The samples were
promptly placed in a cooler and stored at — 20 °C until
they were transported to the laboratory for further exper-
iments. Two separate robo-beach mesocosm experiments
were performed, with durations of 32 days (2020/9/24 to
2020/10/26) and 92 days (2022/3/1 to 2022/6/1), respec-
tively. The basic setup of the mesocosms was consistent
between the two experiments. Briefly, 600 g of sediment
was placed in each column mesocosm and was con-
taminated with 6000 ppm of Ultra Low Sulfur Fuel Oil
(ULSFO; Shell Trading Canada, 002D4509) to simu-
late an oil spill [36]. Sterile artificial seawater was intro-
duced (filled from the bottom and then drained) to the
columns every 12 h to simulate tidal cycles (Fig. 1a, b).
Detailed information about the ULSFO can be found on
the Shell website (https://www.shell.com/business-custo
mers/marine/fuel/marinel57safety-data-sheets.html).
For the initial mesocosm Column Experiment I (CI), the
impact of inorganic (monoammonium phosphate, MAP;
Sigma) and oleophilic fertilizers (S-200 OilGone; Inter-
national Environmental Products, llc) (i.e. nutrients) on
hydrocarbon degradation was studied. Five treatments
were established: control, oil only, oil with 0.15 g MAP,
oil with 4 mL S-200 OilGone, and oil with a combination
of both fertilizers (0.15 g MAP and 4 mL S-200 OilGone).
Fertilizer concentrations were determined through ref-
erence to prior studies on Arctic soil microcosms and a
field bioremediation assay for the Prestige oil spill [42,
43]. All treatments were performed in triplicate at 8 °C
for 32 days. Time O sediment samples were randomly
collected from the well-mixed sediments used in each
column at the beginning of the experiment. Sediment
samples were collected from the top (0-3 cm) and bot-
tom (3-10 c¢cm) of the columns at the end of the experi-
ment. Effluent samples were periodically collected from
the flasks connected to the outflow of the columns, as
shown in Fig. 1a and 1lc, at three specific intervals: T1
(0-14 days), T2 (15-21 days), and T3 (22-32 days). These
samples were weighed and transferred to glass bottles for
storage until chemical analysis. Biofilm samples were col-
lected from the oil surface on day 32. All samples were
proceeded for further microbial community, metagen-
ome and chemical analyses.

To assess the efficacy of bioremediation techniques
other than nutrients, we introduced a surface washing
agent (COREXITTM EC9580A; Corexit Environmental
Solutions LLC) and fertilizers (MAP and S-200 OilGone)
in Column Experiment II (CII) to study their impact on
oil bioremediation in Arctic beaches. Five treatments
were prepared: control, oil only, oil with two nutrients
(0.15 g MAP and 4 ml S-200 OilGone), oil with 1.15 mL
COREXIT"™ EC9580A, and a combination of nutrients
and surface washing agents (0.15 g MAP, 4 ml S-200
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Fig. 1 Schematic design of robo-beach mesocosm experiments. The mesocosm Column Experiment | (Cl) is depicted, with each treatment
performed in triplicate (a). b A detailed illustration of the setup is provided, highlighting the integration of chemical-resistant connectors and tubes
at the inlet, along with stainless connectors and Teflon tubes at the outlet to prevent chemical contamination and oil absorbance. Additionally,
photographic evidence is displayed in ¢ and d, demonstrating the actual status of columns and the solidification of loaded oil upon sediment
contact at 8 °C. e A map illustrating the sampling site, Tupirvik beach, is provided, featuring coordinates and a corresponding photograph of the site

OilGone and 1.15 mL COREXIT™ EC9580A). The con-
centration of COREXIT" EC9580A was based on the
company’s guidelines. All treatments were performed in
triplicate at 4 °C for 92 days. Sediment samples were col-
lected at the end of the experiment, and all samples were
analyzed for microbial community and chemical analy-
sis. Furthermore, to investigate whether oil degradation
occurred under abiotic conditions, an autoclaved sedi-
ment control was established for each column experi-
ment (CI and CII).

DNA extraction and 16S rRNA gene sequencing

DNA was extracted from sediment, effluent, and bio-
film samples using the DNeasy PowerLyzer PowerSoil
Kit according to the manufacturer’s protocol (Qiagen,
Germany). Additionally, a negative control that con-
sisted solely of Invitrogen™ Nuclease-Free Water
was extracted. The purity and yield of nucleic acids
were verified via Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific) and a Qubit 4 fluorometer
(Thermo Fisher Scientific). The libraries for 16S rRNA
sequencing were prepared based on the Illumina 16S

Metagenomic Sequencing Library Preparation protocol
(Part # 15044223 Rev. B), with three modifications. First,
2 x HotStarTaq Plus Master Mix from Qiagen was used
in the PCR steps. Secondly, the ratio of amplicon PCR
reagents was adjusted to 7.5 puL nuclease-free water, 1.5
pL 10 uM forward primer, 1.5 pL 10 uM reverse primer,
125 pL HotStarTaq Plus, and 2 pL genomic DNA.
Finally, the earth microbiome project primers (515F-Y
(5"-GTGYCAGCMGCCGCGGTAA) and 926R (5'-
CCGYCAATTYMTTTRAGTTT)) were used [44]. The
beach sediment amplicons were indexed, pooled, and
sequenced using Illumina Nextera XT kit following man-
ufacturer’s instructions. The libraries were sequenced
in-house on an Illumina MiSeq platform using the Illu-
mina V3 600 cycle kit with 300 base pairs end option.
Sequencing reads were analyzed using the dada2 pack-
age in R [45], with forward reads trimmed to 280 base
pairs and reverse reads trimmed to 220 base pairs. The
negative control showed no detectable DNA amplifica-
tion by PCR, indicating negligible contamination. The
decontam package in R was applied to further reduce
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sequence contamination [46]. The Silva v138 databases
were utilized to align all sequencing reads for taxonomic
classification.

Microbial composition, diversity and functional prediction
from 16S rRNA gene sequencing data

R software version 4.2.1 (2022/6/23) was used to execute
all data analysis and visualization using the R packages
phyloseq, ggplot2, ggpubr, and vegan [47-50]. To assess
alpha diversity, the Shannon index was computed, and
variations were examined with ANOVA and Tukey’s post
hoc tests. For the first mesocosm experiment (CI), a total
of 98 samples comprising sediment, effluent, and biofilm
were analyzed. To analyze beta diversity, sequencing was
rarefied at 10,000 per sample, and sequencing depth was
determined by balancing sequence richness and sample
number using rarefaction curves. Samples with less than
10,000 sequencing depth were excluded from the analy-
sis, leaving 35 sediment samples and 41 effluent and bio-
film samples. Weighted UniFrac distances were utilized,
and the results were visualized in a PCoA plot. Differ-
ences in community composition were analyzed using
PERMANOVA and PERMDISP tests. All analyses for
the second mesocosm experiment (CII) were conducted
using the same method. A total of 29 sediment samples
were included in the analyses. For beta diversity of CII,
rarefaction was set at 15,000 per sample, and all 29 sam-
ples were included in the analysis. Phylogenetic Investi-
gation of Communities by Reconstruction of Unobserved
States 2.0 (PICRUSt2 v2.5.0) was used to predict the
functional capacity of sediment samples from the 16S
rRNA gene sequencing data [51]. Normalization of the
gene abundance data from PICRUSt2 was performed
using the cumulative sum scaling (CSS) transformation.
We then utilized the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database [52] to perform the analy-
sis from the PICRUSt2 output, with specific focus on 13
KEGG Orthology (KO) numbers related to hydrocarbon
degradation pathway. These KO numbers are K00496
(alkB), K14338 (cypD_E), K15760 (tmoA), K15761
(tmoB), K15764 (tmoE), K18223 (prmA), K18224 (prmC),
K03380 (pheA and pheB), K16245 (dmpO), K14578
(nahAb), K14581(nahAa), K10700 (ebdA), and K07540
(bssA).

Metagenome analysis and functional annotation

Total microbial DNA was extracted from the surface
sediment and biofilm samples of CI mesocosm experi-
ment for metagenomic sequencing, using the Illumina
Nextera XT kit according to the manufacturer’s instruc-
tions. Metagenome sequencing was conducted by
Genome Quebec using Illumina NovaSeq 6000 SP PE100.
PhiX removal, adapter and low-quality base trimming of
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metagenomes were performed using BBDuk function of
BBMap v38.86 [53]. We pooled the DNA from 28 samples
to construct one metagenome for metagenomic binning.
Clean reads were assembled with MEGAHIT v1.2.9 [54],
and BBMap function of BBMap v38.86 was used for map-
ping reads to assembled contigs. Metagenomic binning
was performed using MetaBAT?2 v2.15 [55] and MaxBin2
v2.2.7 [56], followed by dereplication using DAS_Tool
v1.1.3 [57] and dRep v3.0.0 [58]. Genome UNClutterer
v1.0.5 [59] was utilized for chimerism detection, while
CheckM v1.2.0 [60] was employed for assessing com-
pleteness and contamination of metagenome-assembled
genomes. 146 bins were recovered, but only 65 passed
the dereplication and quality control and were selected
for further analysis. Taxanomy classification of MAGs
was aligned with the Genome Taxonomy Database
(GTDB-tk v2.1.1) [61] and the Microbial Genomes Atlas
(MiGA) webserver [62]. PhyloFlash was used to examine
the microbial composition of the metagenomes [63]. For
the binned assembled sequences, open reading frames
were predicted using Prodigal v2.6.3 [64] and annotated
by eggNOG-mapper v2 [65]. KEGG databases [52] was
used to search for key metabolic genes including genes of
aerobic respiration coxA and ccoN, reductive TCA cycle
(aclB), Wood Ljungdahl pathway (acsB), photosynthe-
sis (rbcL), sulfur cycle (sqr, soxB, dsrA and sor), nitrogen
cycle (narG, nirK, norB and nosZ), and stress response
(nhaA and cspA). To identify crucial genes involved in
hydrocarbon degradation both aerobically and anaero-
bically, we employed the Calgary approach to ANnoTat-
ing HYDrocarbon degradation genes (CANT-HYD) with
a noise cut-off of E-value at 0.01 [66] for analysis across
both binned and unbinned metagenomes. This approach
allowed us to annotate the presence of 37 key genes,
including genes of propane monooxygenase (prmAC),
butane monooxygenase (pBmoABC and sBmoXYZ),
alkane hydroxylase (AlkB and CYP153), flavin binding
monooxygenase (AlmA), long-chain alkane hydroxylase
(LadA and LadB), toluene-4-monooxygenase (TmoA,
TmoB and TmoE), monoaromatic dioxygenase (MAH_
alpha and MAH_beta), toluene-ortho-monooxygenase/
phenol hydroxylase (TomAl, TomA3 and TomA4/
DmpO), naphthalene-1,2 dioxygenase (NdoB, NdoC
and non-NdoB), dibenzothiophene monooxygenase
(DszC), alkylsuccinate synthase (AssA), putative alkane
C2 methylene hydroxylase (AhyA), ethylbenzene dehy-
drogenase (EdbA and CmdA), benzylsuccinate synthase
(BssA), 2-naphthylmethyl-succinate synthase (NmsA),
benzene carboxylase (AbcA) and naphthalene carboxy-
lase (K27540). For unbinned metagenomic sequences,
reads were co-assembled to construct 28 metagenomes
using MEGAHIT v1.2.9 9 [54] and co-assembled con-
tigs were predicted by Prodigal v2.6.3 [64]. The number
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of CANT-HYD HMM hits to hydrocarbon degradation
genes in each metagenome was adjusted to account for
the variation in the number of protein-coding genes,
using normalization of hits per million genes.

Chemical analyses

Hydrocarbons analyses were performed according to the
established protocols of SGS Canada (Montreal, Que-
bec). For aqueous samples, the extraction of semi-vola-
tile organic compounds (SVOCs) was carried out using
dichloromethane by liquid-liquid extraction to ensure
complete removal of the analytes from the water, and the
quantification of SVOCs was conducted using the United
States Environmental Protection Agency (EPA) Method
8270E (U.S.EPA, 2014). The analysis of petroleum hydro-
carbons, including BTEX and specific PAH compounds,
was performed according to the CCME Reference
Method for the Canada-Wide Standard for Petroleum
Hydrocarbons in Soil—Tier 1. We examined a total of
nineteen PAHs, which included acenaphthene, acenaph-
thylene, anthracene, benzo(a)anthracene, benzo(a)
pyrene, benzo(b+j)fluoranthene, benzo(ghi)perylene,
benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene,
fluoranthene, fluorene, indeno(1,2,3-cd)pyrene, 1-meth-
ylnaphthalene, 2-methylnaphthalene, methylnaphtha-
lene, 2-(1-), naphthalene, phenanthrene, and pyrene. In
addition, we also examined benzene, ethylbenzene, tolu-
ene, xylene, and aliphatic hydrocarbons (C6-C50). The
initial amount (pg) of each hydrocarbon group in ULSFO
was determined and calculated by employing autoclaved
controls. Once ULSFO was applied to the surface of the
sediment column, it solidified immediately. In the auto-
claved control after incubation, all the oil added was
recovered from the surface layer where it was initially
applied. No oil was detected in either the column effluent
or the sediment underlying the surface, indicating that
the oil remained intact and did not degrade or disperse
into the sediment or effluent. Since the sediment was
autoclaved, no biodegradation was expected. While the
column was sealed with a rubber cap to minimize evapo-
ration under low-temperature conditions, some loss was
inevitable. The only potential loss could be attributed to
evaporation, which is discussed further in the discussion
section. After measuring the concentration (pg/g) of each
group, we multiplied it by the weight of each sample to
determine the actual amount (ug) present in the remain-
ing oil and sediment. The hydrocarbon removal rate was
determined by subtracting the measured amounts of each
group in the remaining oil and sediment from the initial
amount in ULSFO. This result was divided by the con-
centration (pg) of that group in ULSFO and multiplied by
100 to obtain the percentage of hydrocarbon removal.
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Results

Hydrocarbon-degrading taxa dominate microbial
community after addition of fertilizers and a surface
washing agent

In Column Experiment I (CI) and the follow up Col-
umn Experiment II (CII), we assessed microbial diver-
sity using alpha and beta diversity based on 16S rRNA
gene sequencing after 32 days and 92 days of incubation,
respectively. We analyzed sediment, effluent, and biofilm
samples in CI. However, due to the limited response of
the microbial community in effluent samples and the
scarcity of biofilms, we excluded them from the analy-
ses and focused on sediment samples in CII. Alpha
diversity was measured by both observed ASVs and the
Shannon index, with the latter revealing a significant dif-
ference (p<0.05, one-way ANOVA) among treatments
in the surface sediment and biofilm in CI (Fig. Sla, S1b
and Table S3). The S-200 and S-200 with MAP addi-
tion groups displayed significantly lower Shannon index
than the control and oil only groups (Fig. S1a, S1b and
Table S3). In contrast, discernible differentiation based
on treatment was absent in effluent samples, but tempo-
ral differences were observed (Fig. S1b). A considerable
decrease in Shannon index was evident in treatments
that utilized a combination of two nutrients and a surface
washing agent in the surface sediment in CII (Fig. Slc
and Table S3).

We used weighted Unifrac analysis to assess beta diver-
sity. This revealed significant differences in community
structure after treatment. In CI, the surface sediment
treated with both fertilizers differed from the other sam-
ples (Fig. S1d). In CII, the groups with surface washing
agent addition showed notable differences compared
to the others (Fig. S1f). These differences were mainly
attributed to the presence of hydrocarbon-degrading
taxa. In CI, the relative abundance of surface sediment
samples revealed that Pseudomonas comprised 72% of
the microbial community, followed by Shewanella (8.2%),
Flavobacterium (2.8%) and Sphingorhabdus (2.5%) in
the S-200 with MAP treatment (Fig. 2a and Table S1).
The genus Pseudomonas and Shewanella both exhib-
ited significant increases compared to the control group,
where they comprised only 8.7% and 0.15% of the com-
munity, respectively. In CII, these dominant hydrocar-
bon-degrading taxa, primarily Colwellia, Oleispira, and
C1 - B045 (a member of Porticoccaceae family) displayed
treatment-dependent distribution variations (Fig. 2b).
Addition of the surface washing agent (SWA) signifi-
cantly impacted the community structure, with Oleispi-
ra’s abundance increasing from 0.1% in the control group
to 19% and 14% in the SWA and the combined SWA and
nutrient treatments, respectively. Specifically, Colwellia
dominated in the group of SWA plus two nutrients, while
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Fig. 2 Microbial composition differences among five treatments in two column experiments following oil amendment are depicted. Heatmaps
illustrate the 20 most prevalent genera detected in sediment samples obtained from Cl and Cll (a, b). 'S’ denotes sediment, and the treatments are
labeled as follows: no oil control (Control), oil only (Qil), oil with inorganic fertilizer, MAP (Oil MAP), oil with oleophilic fertilizer, 5200 (Oil 5200), and oil
with both fertilizers (Oil MAP +S200) for CI; and no oil control (Control), oil only (Qil), oil with both fertilizers (Oil +N), oil with SWA (Oil+W), and oil
with both fertilizers and SWA (Oil + N+W) for ClI. ‘0 represents time 0, 'top' refers to surface sediment, and 'bottom’ pertains to bottom sediment.
The numbers indicate three biological replicates for each condition

the most prevalent genera. Janthinobacterium, despite
not being a well-described hydrocarbon-degrading bac-

C1 - B045 was prevalent in the oil-only group (Table S2).
Distinct differentiation based on treatments was also evi-

dent in biofilm samples in CI, particularly in the groups
that treated with S-200 and S-200 with MAP treatments
(Fig. Sle). In congruence with sediment samples, Pseu-
domonas, Flavobacterium, and Sphingorhabdus were

terium, was ranked as the fourth dominant genus in the
biofilm samples (Table S1). Unlike sediment and biofilm
samples, effluent samples showed no treatment differ-
ences but varied with sampling dates (Fig. Sle).
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We observed the shift in microbial community dynam-
ics after 32 and 92 days of exposure to treated oil and oil
with nutrients. The top 20 microbial taxa significantly
changed over 32 and 92 days of incubations in distinct
ways. Altererythrobacter, Shingorhabdus, Granulosicoc-
cus, and Maribacter were among the top 20 genera that
were present during both the 32 and 92-day incuba-
tion periods, but with distinct relative abundance. Over
the designated periods, a combination of two fertilizers
induced changes in the population distribution of Alter-
erythrobacter, Sphingorhabdus, Granulosicoccus, and
Maribacter in the surface sediment compared to the con-
trol group. For example, Sphingorhabdus experienced
an increase from 2.3 to 2.5% and from 1.5 to 9.4% in the
combination of two fertilizers treatment compared to the
control group after 32 and 92 days, respectively, while
Granulosicoccus exhibited a slight decrease in both time
periods, from 4.7 to 0.9% and 3.0 to 1.7% (Table S1 and
S2). These taxa were also found in eight different Arctic
beaches across four locations in Nunavut, Canada [24],
indicating their importance as core members of the arctic
marine beach microbial communities. During a 32-day
incubation period, we found that four Flavobacteriaceae
genera—Flavobacterium, Maribacter,  Subsaxibacter,
and Pricia—ranked among the top 20 most abundant.
In contrast, a greater diversity of Flavobacteriaceae gen-
era—Ulvibacter, Winogradskyella, Aquibacter, Gillisia,
Maribacter, Maritimimonas, and Psychroserpens—was
observed during the 92-day incubation period. Despite
changes in the abundance of specific genera, the Flavo-
bacteriaceae family maintained its position as the domi-
nant microbial family throughout the incubation periods.

The addition of fertilizers and a surface washing agent
revealed a moderate level of hydrocarbon removal

in Arctic beach sediments

We also investigated the impact of nutrient addition
and a surface washing agent (SWA) on the degradation
of hydrocarbons in Arctic beach sediments after 32-day
and 92-day incubations at 4 °C and 8 °C, respectively.
We measured total petroleum hydrocarbons (TPH), as
well as different hydrocarbon fraction short- (C10-C16),
middle- (C16-C34), and long-chain (C34-C50) alkanes,
and various polyaromatic compounds (PAHs). However,
we only reported benzo(a)anthracene, chrysene, meth-
ylnaphthalene, 2-(1-), phenanthrene, and pyrene among
the PAHs as the other compounds (i.e., fluoranthene,
fluorene, and naphthalene) were not detectable in our
results. The study focused on surface sediments that had
direct exposure to ULSFO, while the oil content in bot-
tom sediments was below the detection limit and thus
negligible. The effluent samples from CI exhibited a range
of 200 to 300 ug of short-chain alkanes (C6-C10) (Fig.
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S3), significantly lower in comparison to the initial oil
amount over 10° pg. This difference may indicate a wash-
ing away effect due to the artificial seawater. Notably,
these measurements were below the detection limit in
CII. Therefore, we discounted the influence of the hydro-
carbon concentration in effluents when calculating the
hydrocarbon removal rate. In the CI experiment, com-
bining MAP and S-200 fertilizers significantly reduced
aliphatic hydrocarbons (p<0.05) compared to the oil-
only treatment after 32 days, but did not significantly
accelerate PAH degradation (Fig. 3a). Moreover, in con-
trast to our findings after a 32-day incubation in CI, mid-
dle- and long-chain alkanes consistently demonstrated
a removal rate ranging from 17 to 25% across all treat-
ments in the CII experiment (Fig. 3b). The addition of
SWA enhanced the degradation of benzo(a)anthracene,
chrysene, phenanthrene, and pyrene, with phenanthrene
showing a 90% reduction (Fig. 3b and Table S4). How-
ever, the combined application of SWA and nutrients did
not provide a synergistic enhancement in the removal
rate. Overall, alkane removal was observed with or with-
out treatments over a longer period of time at 4 °C on
Arctic beaches. Adding a combination of MAP and S-200
enhanced alkane degradation in immediate exposure sit-
uations such as 32 days at 8 °C, although this treatment
only resulted in 40% of removal (Fig. 3a). The addition of
SWA notably improved PAH degradation after 92 days
at 4 °C (Fig. 3b and Table S4). These findings provide
insights into the effectiveness of remediation strategies
for petroleum hydrocarbon-contaminated sediments in
the Arctic regions.

Deciphering the hydrocarbon-degrading potential

of Arctic beaches through functional prediction using
CANT-HYD and PICRUSt2

We employed metagenome analyses to investigate the
functional gene capacity of Arctic sediments in CI. To
validate our microbial composition results obtained from
metagenomes, we used PhyloFlash to confirm consist-
ency with 16S rRNA sequencing results at the phylum
level (Fig. S4). Subsequently, we used CANT-HYD to
analyze the abundance of hydrocarbon degradation genes
in each metagenome and PICRUSt2 to predict the func-
tional capacity based on 16S rRNA gene sequencing. Our
results showed that hydrocarbon degradation in sedi-
ments was predominantly aerobic (Fig. 4a). Sediments
across all treatments had high abundances of cytochrome
P450 (CYP153) and naphthalene-1,2 dioxygenase (non-
NdoB type) genes, which are crucial for aerobic alkane
and PAH degradation. Genes of putative alkane C2
methylene hydroxylase (AhyA) and ethylbenzene dehy-
drogenase (EdbA and CmdA) were also abundant, indi-
cating the possibility of anaerobic degradation, as these
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Fig. 3 The assessment of hydrocarbon removal efficiency through total petroleum hydrocarbon analysis in two column experiments. a The

bar chart displays a comparison of hydrocarbon removal rates in Column Experiment | (Cl) for treatments: oil only (Oil), oil with inorganic

fertilizer, MAP (Oil MAP), oil with oleophilic fertilizer, 5200 (Oil 5200), and oil with both fertilizers (Oil MAP +S200). b The bar chart illustrates
hydrocarbon removal rates for treatments in Column Experiment Il (ClI): oil only (Qil), oil with both fertilizers (Oil + N), oil with SWA (Oil + W), and oil
with both fertilizers and SWA (Oil + N+W). In panel a, the " *" indicates a significant difference (p <0.05, t-test) between the oil only group and the oil
with both fertilizers group, while in panel b, the " *" denotes a significant difference across the four different treatments (p < 0.05, ANOVA)

enzymes are involved in the degradation of alkanes and
ethylbenzene under anaerobic conditions [67, 68]. Inter-
estingly, the MAP and S-200 combination group showed
lower levels of key biodegradation genes, including
alkane 1-monooxygenase (AlkB) and cytochrome P450
(CYP153), compared to the oil-only group (p<0.05,
one-way ANOVA; Fig. 4a and Table S5), indicating that
nutrient additions did not increase the abundance of
these genes. Since both genes are vital for aerobic alkane

degradation, this finding is unexpected, especially in light
of the TPH analysis indicating a reduction in alkane lev-
els in the MAP and S-200 combination group. Addition-
ally, the distribution of key genes was consistent across
different treatments in biofilm samples (Fig. S5).

To corroborate CANT-HYD results, PICRUSt2 was
employed on 14 key hydrocarbon degradation genes,
with 6 genes (alkB, pheA, pheB, dmpO, nahAa, and
nahAb) showing higher abundances with an average>0.1
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while the rest were estimated to be low in abundance
with an average<0.1 (Table S6). Interestingly, alkB
(alkane 1-monooxygenase), dmpO (phenol hydroxy-
lase), nahAa, and nahAb (naphthalene 1,2-dioxygenase)
showed no significant differences in abundance across
treatments in surface sediments, while pheA and pheB
(phenol 2-monooxygenase) demonstrated a significantly
lower abundance (p<0.05, one-way ANOVA) in the
group of a combination of MAP and S-200. These find-
ings indicate that most of the key hydrocarbon degrada-
tion genes remained relatively stable, regardless of the
presence or absence of treatments. Furthermore, in CII
sediments, the abundances of alkB, pheA, pheB, nahAa,
and nahAb did not exhibit any significant differences
in surface sediments (Fig. 4c), despite TPH analyses
revealing an increase in PAH removal. This discrepancy
between gene abundance and observed PAH reduction is
an interesting aspect of our results that we will elaborate
further in the discussion.

It is important to note that the choice of annotation
method and interpretation of results should consider the
inherent limitations and uncertainties in analysing envi-
ronmental samples. Although the discrepancy between
the CANT-HYD and PICRUSt2 methods is expected due
to differences in databases and variations in sensitivity
and resolution, some results exhibited a degree of simi-
larity. For instance, when exposed to a combination of
MAP and S-200, NodB genes in CANT-HYD showed a
trend similar to that of nahAa and nahAb (naphthalene
1,2-dioxygenase) predicted by PICRUSt2, with a slight
decrease in abundance compared to the oil-only group
(p<0.05, one-way ANOVA; p<0.05, t-test). The CANT-
HYD approach employs a specialized database for
hydrocarbon degradation genes in environmental sam-
ples, while PICRUSt2 analysis uses a broader reference
genome database, resulting in differences in the accu-
racy and completeness of gene annotations. Additionally,
the CANT-HYD approach employs HMM searches and
manual curation while PICRUSt2 infers functional pro-
files from 16S rRNA gene sequences computationally,
which may vary in sensitivity and resolution, resulting in
differences in gene identification and annotation.

(See figure on next page.)
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Metagenome-assembled genomes (MAGs) indicated
hydrocarbon-degrading genes are ubiquitous

among microorganisms in Arctic beaches

During our metagenomic investigations of key hydrocar-
bon degradation genes using CANT-HYD, we selected
65 medium to high-quality metagenomic bins from
diverse orders (Fig. 5a and Table S7). Of the 65 MAGs,
Pseudomonadales and Chitinophagales each had 7 rep-
resentatives, followed by Micavibrionales, Rhodobacte-
rales, and Burkholderiales with 5 representatives each,
and Acidimicrobiales with 4 (Table S7). All All selected
MAGs contained at least two key hydrocarbon genes.
Pseudomonadales showed potential for both aerobic and
anaerobic degradation of alkanes as all seven bins con-
tained genes of AlkB, AlmA, and AhyA (Table S7). How-
ever, their ability to degrade PAHs was limited, as most
of the MAGs had only a few genes related to PAH degra-
dation, except for Bin 23, Halioglobus, which has 56 key
genes related to aerobic PAH degradation (Table 1 and
Table S7). Chitinophagales, Rhodobacterales, and Micav-
ibrionales MAGs exhibited limited potential as primary
hydrocarbon degraders, with hydrocarbon degrada-
tion gene hits around or below the average of 36.5 for 65
MAGs (Fig. 5a and Table S7). Burkholderiales and Aci-
dimicrobiales MAGs showed the most promise as strong
hydrocarbon degraders, with three of five Burkholderi-
ales MAGs and all four Acidimicrobiales MAGs contain-
ing over 65 and 116 potential hydrocarbon degradation
genes, respectively (Fig. 5a and Table S7).

We ranked MAGs based on the quantity of hydrocar-
bon degradation genes. The top 10 MAGs with the high-
est number of essential hydrocarbon degradation genes
were identified and selected for further analysis (Tables 1
and S8). Among them, Halioglobus (Pseudomonadales)
displayed the highest number of key hydrocarbon deg-
radation genes with a total of 166 genes, including DszC
(25 genes), LadB (20 genes), and CYP153 (21 genes)
(Table 1). Notably, Bin 134 was unique among the top
10 MAGs for including genes for propane monooxyge-
nase (PrmAC) and butane monooxygenase (sBmoXYZ)
(Table 1 and Table S7). Bin 144 showed a strong poten-
tial operating anaerobic PAH degradation, harbouring
30 key genes related to this metabolism (Table 1 and

Fig. 4 Evaluating the hydrocarbon degradation capability of microbial communities from Arctic beach sediments after various treatments. a The
metagenomes obtained from sediment samples in Cl were analyzed using CANT-HYD to identify significant hydrocarbon degradation genes.
The relative abundance of 5 key hydrocarbon degradation genes in Cl and Cll sediments was predicted using PICRUSt2 based on 165 rRNA gene
amplicon sequencing data (b, €). The treatments are labeled as follows: Cl—no oil control (Control), oil only (Qil), oil with inorganic fertilizer, MAP
(Oil MAP), oil with oleophilic fertilizer, S200 (Oil S200), and oil with both fertilizers (Oil MAP + $200); Cll—no oil control (Control), oil only (Oil), oil
with both fertilizers (Oil+N), oil with SWA (Oil+W), and oil with both fertilizers and SWA (Oil+N+W). The labeling 'Sediment 0'denotes time 0,
‘Sediment top’ corresponds to surface sediment, and 'Sediment bottom'’signifies bottom sediment. Additionally, the asterisks “*"and “***"indicate
significant differences (p < 0.05, ANOVA and p < 0.001, respectively) among the four different treatments
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Table S7). We then conducted a detailed examination of
the key aerobic alkane degradation pathway, key aerobic
aromatic degradation pathway and general metabolisms
using KEGG databases. This aerobic alkane degradation
pathway involves the oxidation of the terminal methyl
group to form primary alcohols, aldehydes, and carbox-
ylic acids. Most of the top 10 MAGs contain an almost
complete set of genes that encode key enzymes involved
in this alkane degradation pathway (Fig. 5b). The search
result of key genes and enzymes is not consistent in
CANT-HYD and KEGG. For example, 3 out of top 10
MAGs have genes for AlkB in CANT-HYD, but none
show Alkane-1-monooxygenase using KEGG. Also, the
majority of the top 10 MAGs have few genes for aerobic
aromatic degradation, whereas only MAG 363 (a CAI-
SIPOI genus in Burkholderiales), harbors the nahAa and
nahAb genes in KEGG; In CANT-HYD, moderate to high
levels of NodB and non-NodB type genes can be detected
in the top 10 MAGs. This discrepancy highlights the
importance of employing a combination of two different
search approaches to comprehensively understand the
functional repertoire of these MAGs.

In addition to the top 10 MAGs displaying the most
prominent presence of key hydrocarbon degradation
genes, we have carefully selected 7 additional MAGs
based on the abundances from the top 20 genera identi-
fied in CI and CII experiments (Figs. 2a, b and S2). This
deliberate selection enables a comprehensive assessment
of the biodegradation capacity and general metabolic
traits of these MAGs in relation to the top 10 MAGs.
Notably, our analysis revealed that these MAGs encom-
pass a moderate number of hydrocarbon degradation
genes, ranging from 20 to 46 (Table S9). Similar to the
top 10 MAGs, these selected MAGs harbor an almost
complete repertoire of genes for the alkane degradation
pathway, underscoring their capacity for aliphatic hydro-
carbon degradation, while exhibiting limited aromatic
degradation ability (Table S8).

We systematically screened the MAGs to identify key
functional genes involved in both aerobic and anaerobic
respiration, nitrogen cycling, sulfur cycling, and stress
response providing a comprehensive assessment of their
metabolic capabilities. Our analysis also uncovered aer-
obic respiration as a prominent metabolic pathway, and
identified genes associated with denitrification (narG,

(See figure on next page.)
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nirK, norB and nosZ) and sulfide oxidation (soxB and
sqr) in these genomes (Table S8). Notably, 7 of the top 10
MAGs contain genes for both denitrification and sulfide
oxidation, suggesting potential coupled processes in oxy-
gen-limited environments [69]. A comparative analysis
reveals that the 7 additional MAGs exhibit a higher pro-
portion of genes related to nitrogen cycling as opposed
to sulfur cycling, with only 28.6% of these MAGs dem-
onstrating the presence of both nitrogen and sulfur
cycling genes, in contrast to the 70% observed in the
top 10 MAGs (Table S9). This variation underscores the
metabolic diversity between the top 10 MAGs and the 7
additional MAGs, reflecting the metabolic versatility of
microbial communities. Key genes associated with salin-
ity tolerance (nhaA) and cold shock proteins (cspA) were
commonly detected in these 17 selected MAGs, with a
prevalence of 58.8% and 82.4% respectively (Table S9).

Discussion

In this study, we examined the bioremediation potential
of native microbial communities in Canadian high Arc-
tic tidal beach sediments within the Northwest Passage
(NWP). Using semi-automated mesocosm systems to
simulate seasonal variations and NWP tidal dynamics,
along with metagenomics and hydrocarbon analysis, we
found that nutrient additions enhanced alkane biodegra-
dation but had limited effects on aromatic hydrocarbons.
The addition of a surface washing agent proved to be a
more reliable remediation approach, effectively removing
PAHs. The CI experiment simulated summer conditions
in Arctic beaches at 8 °C for 32 days, whereas the CII
experiment represented spring/fall at 4 °C for 92 days.
The varying temperatures and incubation times pro-
duced distinct outcomes in alkane degradation. Middle-
and long-chain alkane removal was more pronounced
with MAP and S200 treatment at 8 °C for 32 days com-
pared to 4 °C for 92 days, indicating that nutrient addi-
tion was more effective under warmer conditions and
shorter durations. After 92 days at 4 °C, nutrient addi-
tion did not enhance alkane degradation and showed
comparable removal levels to other treatments, suggest-
ing that nutrient addition was less effective at lower tem-
peratures and over extended periods. Notably, a biofilm
layer formed on the oil at 8 °C, whereas no growth was
observed at 4 °C. The presence of the biofilm may aid in

Fig.5 Assessing phylogenetic information and hydrocarbon degradation pathways of 65 metagenome-assembled genomes (MAGs). a

An unrooted phylogenetic tree was reconstructed to explore MAG diversity, with different colors representing various microbial taxonomic
orders. Three inner circles indicate CANT-HYD HMM hits, contamination levels, and completeness. b The top 10 MAGs with abundant
hydrocarbon degradation genes were selected to elucidate the aerobic alkane degradation pathway. The metabolic pathway of n-Hexadecane
was reconstructed, and key enzymes involved in the degradation process were highlighted
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oil dispersion by reducing oil-water interfacial tension
[70]. Pseudomonas, prevalent in our biofilm samples (Fig.
S2) and known for hydrocarbon degradation, suggests
its role in this process. However, we did not specifically
examine whether the biofilm contributes to the degrada-
tion in this study.

In the TPH analysis, we recognized an unusual pat-
tern of hydrocarbon removal, where several treatments
showed a negative removal rate for some hydrocarbon
fractions (Fig. 3a). The autoclaved control, collected
alongside other treatments at the end of the column
experiment, may have lost some hydrocarbon fractions
due to evaporation during the incubation period. This
loss in the autoclaved control could result in a nega-
tive value when used to standardize removal rates, as
evaporation in the other treatments may have been less
prevalent. Additionally, the negative removal rate in
short-chain alkanes in the CI experiment could result
from the breakdown of medium- or long-chain alkanes.
In the CII experiment, the negative removal rate in
short-chain alkanes in the surface washing agent addi-
tion groups might be attributed to the de-aromatized
hydrocarbon solvent system in the surface washing agent.
However, we have ruled out the possibility of free-phase
oil adhering to the sides of the cores and tubing, which
could potentially influence the extraction results. Due to
the cold setup conditions, the oil solidified immediately
upon contact with the sediment surface, with no oil stick-
ing to the device. Moreover, interference from the surface
washing agent can be excluded, as the negative removal
rates are more prevalent in the CI experiment, which did
not include the addition of a surface washing agent.

After a systematic examination in our study, we con-
clude that nutrient additions promoted alkane degra-
dation but had minimal impact on PAH degradation in
Arctic sediments. This finding aligns with the results
from our previous microcosm experiment, which simi-
larly showed that nutrient addition did not expedite PAH
degradation [24]. A recent microcosm study in Labra-
dor Sea sediments at 4 °C also showed that biostimula-
tion did not enhance PAH biodegradation with high (1%)
concentrations of diesel or crude oil [39]. We propose
two possible explanations for this phenomenon. First,
alkanes are relatively easy degraded and less energy costly
for microorganisms. Pseudomonas or other hydrocar-
bon degrading bacteria can prioritize the usage of ali-
phatic hydrocarbons over aromatic compounds under
such cold conditions. Our MAGs investigation supported
the hypothesis that microorganisms in Arctic marine
beach sediments often harbor alkane degradation genes,
which may serve as a beneficial survival strategy in the
nutrient-limited Arctic beach environment. The top
10 MAGs, along with an additional 7 selected MAGs,
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predominantly feature an almost complete set of genes
for aerobic alkane degradation while having fewer genes
related to PAH degradation pathways. This highlights
their superior capability in alkane degradation compared
to PAHs (Table S8). Furthermore, all 65 MAGs were
found to harbor a minimum of 2 hydrocarbon-degrada-
tion genes associated with alkane degradation, indicat-
ing the widespread nature of this trait across various taxa
(Table S7). Additionally, the functional prediction results
associated with alkane degradation pathways displayed
minimal variations across different treatments (Fig. 4c).
Chemical analyses supported these genetic observations,
indicating that despite 92 days of nutrient addition, there
was minimal improvement in alkane degradation. The
oil-only group eventually matched the degradation rate
of the nutrient addition group in aliphatic hydrocarbons
(Fig. 3b). These collective findings indicate that the pres-
ence of these genes is a common occurrence, potentially
representing a natural adaptation to sustain life in Arc-
tic environments. Despite the scarcity of nutrients and
carbon sources in Arctic sediments, an important car-
bon source can be derived from cyanobacteria and algae,
which produce long-chain alkanes as part of the ocean
hydrocarbon cycle [71]. Furthermore, marine cold seeps
in the Arctic Ocean release abundant methane, sulfide,
and other reduced chemicals such as hydrogen sulfide,
ammonia, reduced iron, and hydrogen [72]. A study of a
cold seep near Scott Inlet in Baffin Bay, Canada, revealed
that bacterial communities linked to hydrocarbon and
methane oxidation contribute to reducing hydrocarbon
emissions from natural geological sources [73]. A recent
study in a High Arctic lake system proposed a cryp-
tic hydrocarbon cycle (i.e., the biogenic and short-term
hydrocarbon cycle) exhibited in Arctic water ecosystems
and suggested that biogenic hydrocarbons may sustain a
large fraction of freshwater and oceanic microbiomes in
the Arctic [74]. Based on these observations, alkane deg-
radation metabolism may serve as a crucial survival strat-
egy in Arctic marine environments.

The second explanation supporting our finding is
based on the premise that supplementing nutrients can
enhance bacterial competition, favouring those with
superior nutrient uptake efficiency. However, the prolif-
eration of specific bacterial types does not always ben-
efit the overall hydrocarbon degradation process; it can
introduce additional competition and selective stress
within the community. For example, the addition of
nitrogen and phosphorus promotes the proliferation of
specific microbial populations such as Pseudomonas and
Sphingorhabdus, yet these two taxa only exhibit moderate
hydrocarbon degradation ability (Fig. 2a, b, and Table S7).
It is worth noting that while some Pseudomonas spe-
cies can degrade PAHs [75], this function may not be
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universally present among Arctic Pseudomonas species.
More than 50% of Pseudomonas species in our samples
remain unidentified and are novel at the species level
(Fig. S6). Species commonly known for their ability to
degrade PAHs, such as Pseudomonas putida and Pseu-
domonas aeruginosa, represent only a small fraction of
the overall Pseudomonas distribution in our samples (Fig.
S6 and Table S10). Microbial species with a broader range
of hydrocarbon degradation capabilities (e.g., Halioglo-
bus) fail to outcompete Pseudomonas and Sphingorhab-
dus, and instead, they experience selective pressures in
response to nutrient supplementation. This hypothesis is
further supported by the functional analyses (Fig. 4a, b),
which reveal that the majority of key hydrocarbon degra-
dation genes exhibit lower abundance in the group of two
nutrient additions (Fig. 4a) or maintain relatively con-
stant abundance across various treatments (Fig. 4b, c).
Hydrocarbon-degrading taxa with high abundance of key
degradation genes were replaced by those with moderate
abundance, enriched by nutrients. Though these compet-
itors initially promote alkane degradation, this effect did
not persist over a long period of time and did not extend
to PAH degradation.

The impact of nutrient addition on bioremediation
in Arctic beach sediments remains uncertain, but we
cannot rule out the fact that it may still alter microbial
metabolism. The study of a High Arctic lake revealed a
potential connection between the cryptic hydrocarbon
cycle and the sulfur and nitrogen cycles, revealing a co-
occurrence pattern of key hydrocarbon degradation
genes with key sulfur and nitrogen cycling genes [74]. We
also observed a similar trend in our top 10 MAGs with
the most abundant hydrocarbon genes. 90% of the top 10
MAGs have genes related to sulfur oxidation and denitri-
fication and 70% of them have genes for both reactions
(Table S8). Interestingly, when we looked at the other 7
MAGs with moderate abundance of hydrocarbon deg-
radation genes, only 28.6% of them have genes for both
metabolisms (Table S9). Additionally, it is plausible that
the introduction of nutrients to oil-contaminated sedi-
ments may stimulate the growth of denitrifying bacteria
[76]. In our study, the population of Rhodoferax, a typical
denitrifier, which had the highest copy number of deni-
trification genes among our selected MAGs, increased in
the bottom sediments after nutrient addition (Table S8
and Fig. 2a). Contrary to prior findings suggesting
denitrifiers’ capability to aid hydrocarbon degradation
under oxygen-limited conditions [76-79], our results
did not conclusively show that the increase of Rhodofe-
rax led to increased hydrocarbon degradation. Our
recent study demonstrated that adding nutrients did not
clearly enhance the degradation of marine diesel, rather
it showed a protection effect on maintaining baseline
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microbial activity when oil is present [80]. However, a
comprehensive investigation is required to decipher the
intricate relationship between hydrocarbon degradation
and nutrient cycles.

Although the addition of nutrients did not exhibit
promising results as a bioremediation approach, we
propose exploring the following potential solutions
for further investigation. The use of a surface washing
agent (SWA) has been proposed as a useful approach to
improve shoreline clean-up by effectively removing oil
adhered to solid surfaces.[81-83]. Our study revealed
that the incorporation of a SWA significantly enhanced
the removal of PAHs from oil-contaminated sediments
(Fig. 3b). This increased rate of removal could be attrib-
uted to the proliferation of the well-known cold-adapted
marine hydrocarbon degrader, Oleispira [84, 85]. Nota-
bly, the abundance of this taxon increased by over
tenfold compared to the treatment with oil alone. Con-
sidering such a significant augmentation of recognized
hydrocarbon-degrading bacterium, one would expect
a corresponding elevation in key hydrocarbon degrada-
tion genes, including those responsible for naphthalene
1,2-dioxygenase biodegradation. However, no signifi-
cant increase was observed across treatments (Fig. 4c).
The absence of significant changes in hydrocarbon deg-
radation gene abundance does not imply unchanged
functionality. Our TPH analysis demonstrates a clear
enhancement in PAH degradation upon the introduc-
tion of SWA, surpassing the oil-only treatment. One
plausible explanation for this activation is that SWA
emulsifies and enhances the bioavailability of oil [81, 86],
facilitating its accessibility to microorganisms for utili-
zation and enabling the function of their PAH degrada-
tion genes. The presence of surfactant molecules at the
oil-water interface reduces the interfacial tension and
increases the surface tension of the oil [87]. This effect
is particularly important in cold environments, as oil
aggregates together and decreases the surface tension
at cold temperatures [25]. The observed enhancement
in PAH degradation following the introduction of SWA
may be attributed to changes in the expression levels of
degradation genes rather than alterations at the genetic
level. Without metatranscriptomic analysis, we can only
infer that SWA induces different responses in degrada-
tion gene DNA and RNA profiles. In a previous micro-
cosm study, discrepancies between metagenomic and
metatranscriptomic data indicated that certain hydro-
carbon degradation genes exhibited high expression lev-
els despite low gene abundance [85]. Further research is
necessary to elucidate how SWA impact the expression of
key hydrocarbon degradation genes. Unfortunately, the
addition of nutrients with SWA showed no synergistic
effect in hydrocarbon degradation (Fig. 3b). This result
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further supports our previous assumption that the addi-
tion of nutrients introduces more competition and selec-
tive stress to the environment, which may not necessarily
lead to beneficial outcomes for bioremediation in Arctic
beach environments. Although Colwellia, a renowned
marine cold-adapted hydrocarbon degrader [30, 88],
significantly increased in abundance after nutrient and
SWA addition (Fig. 2b), it did not contribute to more
PAH degradation compared to the SWA addition group
in the TPH analysis (Fig. 3b). However, its potential sig-
nificance in PAH removal cannot be dismissed, necessi-
tating further study to understand its metabolism when
both nutrient and SWA are present.

The second possible solution is to explore the bio-
degradation capacity of unconventional or novel
hydrocarbon-degrading microorganisms. From the
observation of the predominant genus from biofilm
samples, Janthinobacterium demonstrated potential
for crude oil hydrocarbon bioremediation. Janthino-
bacterium is reported to degrade alkanes, PAHs, and
petroleum compounds in oil-contaminated soils and
water [65, 66], while also producing biosurfactants
that enhance hydrocarbon availability for microbial
degradation, making it a promising candidate for oil-
contaminated environments bioremediation [67].
Our MAGs result also indicated that Halioglobus and
Acidimicrobiales genera could be crucial in decon-
taminating hydrocarbon pollution in Arctic beaches
due to their high presence of key hydrocarbon degra-
dation genes (e.g., CYP153, LadA, and NodB genes)
in their genomes (Tables 1 and S7). Lack of sufficient
representatives in the existing databases, presenting
a challenge in assigning them to the same taxonomy
group (especially below the family level) using differ-
ent taxanomy databases such as GTDB and MiGA.
For example, Bin 344, ranked second with a total of
126 potential genes, belongs to the family JACDCHO1
(Acidimicrobiales) according to GTDB-tk classifica-
tion. Nevertheless, through a search in MiGA, Bin 344
was more closely related to Actinomarinicola tropica
(Acidimicrobiales), with an average amino acid iden-
tity (AAI) of 50.83% (Table 1). Similarly, six other bins
exhibited the same inconsistency in family or species
levels using different taxonomy classification databases
(Table 1). All the aforementioned emphasizes the enig-
matic nature of the microbial community within this
environment. Moreover, the metabolic processes of the
microbiome and their role in hydrocarbon degrada-
tion within this specific environment remain unclear.
Some limited studies have been conducted on Hali-
oglobus, a halophilic bacteria [89], which was discov-
ered in a hydrocarbon-contaminated Gulf of Mexico
sediment sample, strongly suggesting its potential role
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in hydrocarbon degradation [90]. Most of studies per-
taining to Acidimicrobiales and their proficiency in oil
degradation have been conducted in soil environments
[91, 92]. Several taxa within this order have been found
to increase their abundance in hydrocarbon contami-
nation, but only a few studies have been conducted in
marine environments [93, 94]. Additionally, Bin 144
Ga0077527 (Burkholderiales) may degrade hydro-
carbons in anaerobic conditions based on our MAGs
survey (Table 1). Bin 144 exhibits a limited number
of genes for aerobic alkane degradation and only a
single copy of the essential aerobic respiration gene,
coxA, suggesting constrained competitiveness as aero-
bic hydrocarbon degraders (Table S8). However, upon
closer examination of the anaerobic-related hydrocar-
bon degradation genes in Bin 144, the K27540 gene
was found to be relatively abundant; this gene encodes
naphthalene carboxylase, a key enzyme in anaerobic
naphthalene degradation (Table 1), suggesting that Bin
144 exhibits traits indicative of functioning as a faculta-
tive anaerobe and an anaerobic hydrocarbon degrader.
Further comprehensive research is needed to fully
understand the capabilities of these novel hydrocarbon
degraders in the hydrocarbon degradation processes.
To further elucidate and confirm the biodegradative
capabilities of these bacteria and their potential role
in bioremediation in Arctic marine beaches, a combi-
nation of culture-dependent (isolating and culturing
aerobic/anaerobic hydrocarbon-degrading bacteria)
and culture-independent techniques (metatranscrip-
tomic analyses) should be employed. We isolated 22
strains from the CI experiment, with five matching the
MAGs identified in this study (Bins 56, 179, 245, 290,
and 341) at the genus level. These strains exhibit nota-
ble hydrocarbon degradation abilities, confirmed by
whole-genome sequencing and TPH analysis [95]. This
result signifies the advantages and the effectiveness of
employing a combined approach.

Conclusions

Arctic coastal sediments are dynamic environments
influenced by extreme cold, oligotrophy, wave energy,
sea-ice extent, and coverage duration [96, 97]. Conse-
quently, microorganisms in these sediments exhibit
metabolic versatility, performing both aerobic and
anaerobic metabolisms to survive fluctuating condi-
tions. To effectively remediate potential oil spills on
Arctic beaches, sophisticated research methods com-
bining chemical and advanced molecular approaches
are necessary. Examining key functional genes is crucial
for understanding hydrocarbon degradation by atypi-
cal degraders. More specific and sophisticated target-
ing databases and bioinformatics tools are needed to
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unravel complex hydrocarbon degradation processes,
given the limitations of current methods. While PIC-
RUSt2 and CANT-HYD show promise in predicting
functional genes from 16S rRNA sequencing data and
metagenomes, metatranscriptome analyses are nec-
essary for assessing microbial gene expression. To
fully evaluate the hydrocarbon degradation capacity
of microbial communities, both culture-independent
and culture-dependent methods are required. Iso-
lating and culturing unconventional hydrocarbon-
degrading microorganisms is also critical to studying
their metabolisms and degradation abilities. In Arctic
environments, the cold temperatures limit the activ-
ity of hydrocarbon-degrading microorganisms, result-
ing in very slow biodegradation process for oil spills in
Arctic beaches. This slow rate underscores the urgency
of immediate removal approaches to minimize envi-
ronmental damage. Mechanical or chemical clean-
up methods effectively remove oil spills but are costly
and may have adverse environmental effects. Biore-
mediation is often considered the most cost-effective
approach for treating oil contamination. However, our
study indicates that adding nutrients, a commonly used
biostimulation method, has limited effectiveness in
facilitating the biodegradation process. Our research
suggests that applying a surface washing agent, an
effective shoreline cleaner, shows potential as a biore-
mediation method. This agent emulsifies oil, aiding
its removal from beaches and facilitating its disper-
sion into seawater. Despite potentially lower toxicity
compared to dispersants, the environmental impact of
surface washing agents and released oil entering the
seawater cannot be ignored. Immediate recovery meth-
ods, such as sorbents or skimmers, should be applied to
prevent water column contamination. Further in-depth
in situ experiments are needed to assess the feasibility
of using such chemical reagents. In conclusion, with
the inevitable receding of sea ice and the increasing
maritime traffic in the Northwest Passage (NWP), it is
critical to raise awareness and preparedness for poten-
tial oil spills in the Arctic. Developing comprehensive
strategies that combine preventive and responsive
measures will be crucial for effectively mitigating the
environmental impacts of oil spills. Above all, imple-
menting measures to restrain traffic in the NWP and
Arctic regions to prevent oil contamination on beaches
would be the best approach, as the removal of oil in
these remote areas would be extremely difficult and
costly.

Abbreviations

NWP The Northwest Passage
MAP Monoammonium phosphate
S-200 S-200 QilGone
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ULSFO Ultra low sulfur fuel oil

SWA Surface washing agent

PAHs Polyaromatic compounds

TPH Total petroleum hydrocarbon

CANT-HYD  The Calgary approach to ANnoTating HYDrocarbon degradation
genes

KEGG The Kyoto Encyclopedia of Genes and Genomes database

PICRUSt2 Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States 2.0

MAGs Metagenome-assembled genomes
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