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PAH contamination in coastal
surface sediments and associated
bacterial communities
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Polycyclic aromatic hydrocarbons (PAH) are semi-volatile, lipophilic, and harmful compounds

that can persist for decades in a range of marine environments. There are several marine and soil
microorganisms that possess enzymes involved in arene degradation. Here, we analyzed the structure
(16S rRNA amplicons) and metabolic potential (inferred using phylogenetic placement) of the bacterial
community in surface marine sediments from coastal waters off Concepcidn, Chile, and describe

how microbial community patterns are shaped and altered by PAH contamination. Two depositional
zones were identified, a *High PAH" area containing a mix of high and low molecular weight PAH of
up to 10,350 ngYPAH gdw! and with high organic matter content; and a “Low PAH" zone mostly
characterized by low molecular weight PAH of up to 1810 ngyPAH gdw' and lower levels of organic
matter. We identified 53 hydrocarbonoclastic bacteria genera, with eight showing relatively high
abundances at High PAH sites, although known PAH degrader clades were also present at Low PAH
sites. With potential enzymes inferred in almost all samples, we suggest that breakdown of PAH is
widespread in this area, likely resulting from the long history of local PAH emissions that may have
promoted a stored microbial capacity for these degradation processes.

Keywords Hydrocarbonoclastic bacteria, Contamination, Coastal ocean, Enzymes, Humboldt current
system

More than 350,000 compounds, or mixtures of compounds, have been registered for production worldwide!.
Among these, several organic molecules with potentially negative environmental impacts have been detected
in marine ecosystems, including polar regions, abyssal sediments, and the surface mixed layer of open oceans?.
Chemical pollution has been recognized as one of the planetary boundaries that need to be delineated to provide
limits in which humanity can safely operate®. Organic pollutants such as polycyclic aromatic hydrocarbons (PAH)
can persist in the environment for several years*’. These are semi-volatile, lipophilic compounds containing
between two and seven fused aromatic rings. Pyrogenic PAH are formed during incomplete combustion of
organic matter and are the most common present source of PAH. Petrogenic PAH are present in petroleum
and its by-products and are associated with local point sources. Diagenetic PAH are formed from biogenic
precursors and dominate sediments that were deposited before industrialization®”. A variety of indicator ratios
are used to discriminate these PAH derived from combustion of biomass and liquid fossil fuel®. PAH can be
introduced into marine environments through oil spills, wastewater/sludge discharge, urban run-off, ship ballast
cleaning, offshore oil exploration, natural seepage, and atmospheric deposition®!°. From over 100 known PAH
compounds, 16 have shown deleterious effects on aquatic and terrestrial organisms, and on human health?, but
these hydrocarbons are susceptible to degradation by microorganisms. Sediment quality guidelines focusing
on organic pollutants for protection of benthic fauna have been previously described'! and can be compound-
specific (e.g., phenanthrene) or class-specific (YPAH). These guidelines provide threshold concentrations
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above which adverse effects might be expected'? and vary by almost an order of magnitude depending on the
calculation approach. For example, the concentration guideline above which YPAH can cause detectable effects
on benthic fauna ranges from 197 ng g™!'* to 4,022 ng g~!!%.

Biodegradation of aromatic hydrocarbons has been studied for over a century since the first isolation of
hydrocarbon-degrading bacteria'®. Since then, ca. 500 bacterial, cyanobacterial, algal, and fungal strains have
been identified and isolated from oil spills, and these include facultative and obligate hydrocarbon degraders'.
In marine ecosystems, the group of hydrocarbonoclastic bacteria (HCB) include cosmopolitan marine genera
such as Alcanivorax, Marinobacter, Thallassolituus, Cycloclasticus and Oleispira'®. Degradation of PAH can
occur under oxic conditions through activity of oxygenase enzymes (mono or dioxygenase) or by the addition
of fumarate, as well as carboxylation, methylation, hydroxylation, or through intra-aerobic hydroxylation
under anoxic conditions!®. PAH are incorporated into the microbial metabolism through transformations to
precursors of TCA-cycle intermediates, such as cathecol'”. During aerobic catabolism, pre-conditioning for ring
cleavage of PAH is initiated by dihydroxylation catalyzed by dioxygenases, whereas during anaerobic catabolism,
methylation and addition of fumarate, carboxylation, and hydroxylation are the initial activation reactionss.

During the 2010 Deepwater Horizon oil spill in the Gulf of Mexico, an increase in the abundance of
autochthonous aerobic hydrocarbon degraders was observed in the water column within the oil plume®.
Evidence of an increase in genes associated with PAH degradation has been observed in incubation experiments
amended with crude oil, using sediments collected 17 km from the site of the Deep-Water Horizon oil spill.
Certain monooxygenases and dehydrogenases increased some 2.5 to 4.5-fold in comparison to controls, and
genes associated with anaerobic metabolism of aromatic molecules, such as benzoyl-CoA reductase were also
enriched?. Additionally, within three km of the spill, an increase was detected in sedimentary bacterial clades
(particularly Deltaproteobacteria) and in genes associated with anaerobic degradation of aliphatic and aromatic
hydrocarbons. These observations, together with previous evidence from the terrestrial environment?!, suggest
that the presence of pollutants could promote microbial communities fostering hydrocarbonoclastic taxa??. It
has been suggested that microbial degradation of hydrocarbons prevents the presence of a permanent oily layer
over the entire ocean surface?, but to date it is unknown which taxa are primarily responsible for the decay of
contaminants, and how these microbes are distributed in chronically contaminated marine environments.

In the present study, we examined sediments from the coastal ocean off central Chile (Fig. S1). Previous
studies in this area have indicated the presence of persistent organic pollutants and PAH both in the atmosphere?*
and in sediments®>%, although the extension and/or dilution of the PAH signature from their potential sources
along the coastal-ocean gradient remains unknown. Likely sources of PAH to the coast off central Chile include
industrial activities (thermoelectric plants, oil refineries, fishing ports, shipyards, and production of fish meal,
pulp and steel), maritime traffic, wildfires from pine plantations (particularly during austral summer), and urban
activities (transportation and heating). Acute environmental perturbations are known to induce deterministic
changes in microbial community composition?’, although PAH concentrations in the study area did not generally
exceed sediment quality guidelines?>. However, chronic effects of PAH presence may promote development of
alternative community assemblies?s.

The principal goal of the present study is to determine the fingerprint and spatial distribution of PAH within
surface sediments of a coastal environment perturbed by anthropogenic activities, and to determine how
the presence of these compounds influences the structure and putative functions of the associated microbial
community. We primarily categorized our sedimentary environment by PAH content and composition, and
geochemical properties. We also evaluated potential selective pressure on microbial community composition,
focusing on known taxa of hydrocarbonoclastic bacteria, particularly those showing a preference for
environments enriched in PAH. This approach should advance our understanding of the interplay between the
environmental microbiome and its biogeochemical background.

Results

PAH distribution in surface sediments

Contents of PAH from 31 sediment samples ranged between 81 and 10,300 ng PAH gdw™!, with the highest
values recorded on the eastward side near the coast of the Gulf of Arauco (Fig. 1D, Table S1), and on the eastward
side of the Bay of Concepcién. Indicators of biological production (organic carbon, nitrogen, and protein-amino
acids) were also higher within both the Bay of Concepcion and the Gulf of Arauco (Fig. 1A, B, C), with spatial
distribution resembling that of PAH. Low molecular weight PAH (three rings, <200 g mol!) accounted for
82+23% of YPAH for all sampled stations (Table SI).

An analysis of principal components (PCA) was used to classify the 31 sampling sites based on relative contents
of 15 PAH compounds. Those of low molecular weight were: naphthalene (Nap), acenaphthylene + acenaphthene
(Acy+ Ace), fluorene (Flo), phenanthrene (Phe), anthracene (Ant). High molecular weight compounds were:
fluoranthene (Flu), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BKF), benzo(a)pyrene (BaP), indene(1,2,3,c,d)pyrene (IP), dibenz(ah)anthracene
(DB(ah)A), and benzo(g,h,i)perylene (B(g,h,I)P). Sampling sites were separated into two clusters along the
principal component 1, which explained 84% of variability (Fig. 2A). PCA resulted in a segregation of sites
consistent with distributions of sedimentary organic carbon (%C-org), nitrogen (%N), §'3C (%o) and 8'°N (%o),
proteins from total hydrolysable amino acids (THAA), depth (m), YPAH, and relative content of low and high
molecular weight PAH (Fig. 2B).

Nine sampling sites, hereafter named “High PAH” sites, were characterized by elevated contents of carbon
and protein amino acids, with SPAH > 1,300 ng gdw™! of which 50 + 12% were high MW PAH (Fig. S2). Twenty-
two sampling sites were labelled “Low PAH” sites and had lower contents of carbon and protein amino acids,
with ZPAH< 1,300 ng gdw! (except for site M70) consisting of almost 100% low molecular weight PAH
(96 7%, Fig. S2). Overall, only one sample from High PAH sites reached the Effect Range Low threshold of
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Fig. 1. (A) Study area depicting sampling stations (triangles=Low PAH sites, circles =High PAH sites) and
C-org (%), (B) Total nitrogen (%), (C) Proteins as total hydrolysable amino acids (ug THAA gdw™!) and D)
Polycyclic aromatic hydrocarbons content (SPAH in Log, , ng gdw™"). Color bars represent contents for each
parameter.

YPAH 4022 ng gdw™! of the sediment quality guideline!'. Diagnostic ratios of PAH (Fig. S3) show the principal
source to be combustion of organic matter (grass, wood, coal) since ANT/178 ratio was> 0.1, BAA/228 ratio
was> 0.2, IP/276 ratio> 0.5 and FLU/202 ratio > 0.5.

Microbial communities of surface sediments

A total of 71,830 different amplicon sequence variants (ASVs) were obtained from 6,087,637 16S rRNA reads.
A non-metric multidimensional scaling (NMDS) analysis based on similarities of microbial community
composition at the ASV level showed that all samples with high PAH content were grouped together (ANOSIM
R=0.4,p<0.0001, Fig. 3). The low PAH samples were more dispersed on the ordination, indicating more variable
community composition. There were no significant differences (Kruskal Wallis p > 0.05) in either community
diversity (Shannon index) or richness (Chaosl index) between high and low PAH sediments (Fig. S4).

Low PAH sites contained 64% of unique ASVs, with only 21% at High PAH sites, and the remaining 15% being
shared between categories (Fig. S5). Based on the taxonomic annotation, we identified 592 genera from the entire
data set, 53 of which have been previously reported to degrade PAH (Fig. 4). Among these hydrocarbonoclastic
genera, 13 were significantly different in relative abundance between High and Low PAH sites (eight for High
PAH and five for Low PAH, Fig. $6). In High PAH sites, genera belonging to the phylum Firmicutes were: Bacillus
(0.2% +0.1%), Desulfosporosinus (0.02% +0.01%) and Ruminococcus (0.001% +0.001%). Those belonging to
the phylum Actinobacteriota were: Mycobacterium (0.02% +0.01%), Nocardioides (0.01% +0.02%), Atopobium
(0.004% =+ 0.01%) and Collinsella (0.002% =+ 0.003%), and Gammaproteobacteria Microbulbifer (0.003% + 0.01%).
In contrast, the genera significantly more abundant in Low PAH sites included the Gammaproteobacteria
Woeseia (3.5% +2.3%), Vibrio (0.05% +0.2%) and Colwellia (0.04% +0.07%), Spirochaeta (0.3% +0.2%) from
the phylum Spirochaetota, and (Delta)Proteobacteria Desulfobacca (0.03% +0.05%).

Significant correlations (t-test, p<0.05) between relative abundances of each of 592 genera and Principal
Component 1 (Fig. 2A) resulted in 81 genera showing positive correlations (Fig. S7), with seven of them already
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Fig. 2. (A) Principal Component Analysis (PCA) of relative content of each PAH by sampling site, separated
along the PC1 axes. Ellipses are generated at the 95% confidence limit leaving nine sites with high contents of
PAH (yellow circles) and 22 sites with predominantly low PAH content (blue triangles). (B) Environmental
fitting (Envifit) built onto the PCA of parameters %C, %N, water depth, protein as THAA, §'*C, §!°N, and
relative content of low and high MW-PAH.

described as HCB (Bacillus, Collinsella, Desulfosporosinus, Mycobacterium, Paenibacillus, Streptomyces and
Syntrophomonas). However, the relative abundances of those 81 genera were less than 1% of total, and these were
present at both High PAH and Low PAH sites. Negative correlations of genera and PC1 were significant for 58
genera, of which Woeseia and Spirochaeta had been previously described as HCB (Fig. S8).

Potential abundance of enzymes for degradation of PAH and organic matter

Using phylogenetic placement based on amplicons sequences, we identified 19 enzymes related to PAH
degradation, including dehydrogenases, oxidoreductases, dioxygenases, methyltransferases, carboxy, aldehyde,
and oxo-acid lyases, and synthases, with potential relative abundances ranging from undetectable to ca. 6%
(Fig. 5). Six enzymes were significantly enhanced (Mann-Whitney p-value <0.05) in High PAH sediments,
four enzymes were significantly higher in Low PAH sediments, whereas nine others — although present — were
not statistically different between sampling site categories (Fig. 5B). Two enzymes associated with protein and
carbohydrate degradation, leucyl aminopeptidase and p-glucosidase, were found to be significantly higher by
ca. 4% in Low PAH sediments (Fig. 5B). A correspondence analysis showed that predicted HCB enzymes are
distributed homogeneously in all sampling sites and revealed a low contribution of PAH-degrading enzymes to
variability among samples (Fig. S9).

Discussion

Contents of PAH in the present study area were within the range observed in other coastal areas with high
industrial activity, such as Santander Bay in northern Spain?, Masan Bay in South Korea®, the Yangtze and
Yellow River estuaries in China>!, and the Baltic Sea, North Sea, and Chinese Bohai and Yellow Seas>2. Previous
work in the vicinity of the present study area has reported up to 200 ng YPAH gdw™! in San Vicente Bay?® (Fig.
S1), where major sources were attributed to both combustion products and petrogenic sources. In a brackish
wetland (Lenga Estuary) connected to San Vicente Bay, PAH concentrations were between 300 to 6,000 ng PAH
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Fig. 3. Non-metric multidimensional scaling (NMDS) ordination plot (Bray—Curtis distance matrix) of
Amplicon Sequence Variants profiles and environmental/geochemical parameters, for the surface sediments
sampled (0 to 1 cm below the seafloor), stress=0.09, ANOSIM R=0.4, p <0.001.

gdw™!, where PAH levels were positively correlated with sedimentary organic matter content?. In Concepcién
Bay (Fig. S1), levels up to 160 ng anthracene gdw™, 280 ng phenanthrene gdw!, 700 ng fluoranthene gdw™!,
and 570 ng pyrene gdw'! have been previously reported®. Overall, concentrations are typical of those found in
marine sediments impacted by industrial activity and forest fires, although PAH levels were categorized below
the threshold of Effect Range Low of the Sediment Quality Guideline!'!.

Composition of atmospheric hydrocarbons along the coastline within the study area has shown that high
MW compounds account for 40 to 60% of YPAH?, similar to distributions observed at our High PAH sampling
sites (Fig. S2). Although freshwater input represents a potentially significant input into the study area from the
Itata, Andalién and Biobio rivers, no information is currently available on local riverine PAH concentrations. We
suggest that at High PAH sampling sites, contaminants rapidly accumulate approximately reflecting the original
composition due to favored adsorption onto biogenic particles. This is supported by observations of elevated
organic carbon contents in sediments, and by a positive and significant correlation of sedimentary PAH with
organic carbon in High PAH sites (r=0.7, p<0.001), a correlation that has also been previously observed with
suspended organic carbon?. In contrast to the High PAH sites, low MW compounds predominate (ca. 90%) in
Low PAH sites, with contents averaging 690 ng YPAH gdw™! (Table S1). At these sites, PAH do not appear to
rapidly deposit, likely due to hydrodynamics and lower concentration of biogenic particles in the water column
(inferred from the lower organic carbon contents observed in sediments, Fig. 2 and Table S1). Atmospheric
deposition represents the principal source of pyrogenic PAH into surface waters because of long-range transport
from sources>. Low MW PAH may be transported further in the atmosphere and dispersed more widely - both
in the atmosphere and water column-due to their higher volatility and solubility’. Essentially, we suggest that
Low PAH sampling sites represent background contamination by PAH.

We observed that the most abundant bacterial groups in all sampling sites were the common sulfate
reducers typically encountered in coastal marine sediments®, including members of Gammaproteobacteria,
Deltaproteobacteria and Bacteroidota that have previously been reported in this area®®. From the 53 bacterial
genera previously classified as hydrocarbonoclastics, significant differences between sedimentary categories
were observed for specific keystone genera, and particularly those from the Firmicutes, Actinobacteria and
Gammaproteobacteria taxa (Fig. 4). Members of these taxonomic groups, along with Planctomycetes, Chloroflexi
and Bacteroidetes, have been described as major components of bacterial communities in PAH biodegradation
experiments conducted with anoxic soils*” and with mangrove sediments?®.

However, Gammaproteobacteria (Woeseia, Vibrio and Colwellia), Spirochaetota (Spirochaeta) and
Deltaproteobacteria (Desulfobacca) were more abundant in Low PAH than in High PAH sediments (Fig. S6).
Although our Low PAH sites had lower contents of PAH, known clades of PAH degraders were present, with no
major evidence of differences in diversity and abundance of the prokaryote community detected between PAH
categories (Fig. S6). One reason could be that the ambient abundance of PAH degraders might be controlled
by low substrate availability (fraction of PAH-carbon to plankton-carbon averages 0.01% in our study site).
A supporting interpretation has been provided by Jeanbille et al. (2016)*° who showed that PAH presence did
not promote prokaryote diversity in coastal sediments undergoing chronic contamination. Previously, Gillan et
al.*0 has also evidenced that microbial communities could adapt to long-term heavy metal pollution, ultimately
showing similar diversity to uncontaminated sites. This interpretation is consistent with observations at our
study site, which can be considered to be under chronic contamination; documented PAH emissions started ca.

70 years ago, a period representing in excess of 2000 microbial generations*.
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Fig. 4. Heatmap of relative abundance (%) of hydrocarbonoclastic bacteria in High PAH (yellow bar) and
Low PAH (blue bar) sampling sites. Significant differences between sites are marked with * (U-Mann Whitney,
p<0.05).

The study of the influence of organic pollutants on the diversity of microorganisms with known degradation
capabilities is a growing field*2. Out of 81 genera positively correlated with PC1, only seven out of the 53 detected
HCB genera showed this correlation (Fig. S7). This low representation is due to scarcity of data for certain genera
showing low abundance and scattered distributions, thus precluding effective statistical analyses. Other genera
such as Nocardioides and Microbulbifer did not show significant associations with PC1 because of their aerobic
nature, whereas the majority of sediments were severely hypoxic or anoxic. Twenty-eight genera of the Firmicutes
were positively correlated with PC1, indicating their association with environmental conditions represented
by this variable. Interestingly, the Firmicutes phylum has also been shown to be an important component of
bacterial communities in PAH anaerobic degradation experiments in soils*’. Seven genera from the Bacteroidota
also showed positive correlations with PC1; this is a phylum shown to be abundant in sediments within the study
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area®® and whose abundance have been shown to increase in sediments experimentally amended with PAH*.
Members of the Cyanobacteria, Actinobacteria and Spirochaetota phyla have been previously shown to be capable
of PAH degradation®*~*°, whereas the genus Nostoc PCC-7524 (Cyanobacteria), genera Allocatelliglobosispora,
Amycolatpsis, Blastococcus, Glutamicibacter and IMCC26207 (Actinobacteria), and genera GWE2-31-10, and
RBG-16-49-21 (Spirochaetota) are not known PAH degraders.

Other genera that were associated with PC1 (Fig. S7) are bacteria previously identified in coastal sediments
off the Chilean coast: Subgroup 23, Lutimonas, TPD-58, Desulfobulbus, Desulfosarcina and LCP-80°°. These
genera are diverse, and Lutimonas—an obligate aerobe-was one of the most abundant genera in our samples,
whereas Desulfobulbus, Desulfosarcina and LCP-80 are sulfate reducing bacteria. Significant positive correlations
for certain taxa are indicative of enhancement in relative content of PAH to the environment as described by PCI:
high contents of carbon, protein and PAH (Fig. 2). These potentially new HCB taxa show low relative abundances
(<1% of bacteria), as has been previously shown in environments undergoing chronic contamination. For
instance, the presence of HCB in abundances < 1% increased to 5-10% following the Deepwater Horizon oil
spill'**6, Further analyses will be required to confirm whether those positive PC1-correlated genera have PAH-
degrading enzymes that are in fact functional under these conditions.

Fifty-eight genera were negatively associated with PCl (Pearson correlation index<—0.4, Fig. S8),
of which two were known HCB (Woeseia and Spirochaeta) and four were among the most abundant in our
samples (Subgroup 10, Rhodopirellula, Woeseia, Blastopirellula). Another negatively correlated genus is Clade
OMG60(NORS5), which has also been previously negatively associated with PAH content in surface sediments of
polar and subpolar regions?’. We interpreted these observations as an indication that certain environments are
less than favorable to certain taxa. Thus, 31 genera show aerobic metabolism, whereas others such as Woeseia and
Spirochaeta are facultative anaerobic and likely to be affected by limited oxygen availability in these sediments.

Overall, the capability for degradation of PAH appears to be widespread in the present study area, with
potential enzymes detected in almost all samples (Fig. 5) and likely resulting from the long local history of PAH
emissions. This area is surrounded by industrial developments that began around 70 years ago and continues
today, and this history possibly contributes to a stored microbial potential for PAH degradation. Slight differences
in relative abundance of predicted enzymes between sediment categories were noted (Fig. 5); oxidoreductases
and oxygenases were slightly less abundant than dehydrogenases, methyltransferases and lyases in all samples,
suggesting that anaerobic metabolism prevails in the study area. This is consistent with the oxygenation and
productivity regime of the local water column that leads to anoxic and suboxic surface sediments*.

In order to assess the reliability of our approach - which infers the potential occurrence of predicted
enzymes in the microbial community — we searched for the presence of leucyl aminopeptidase (EC 3.4.11.1)
and B-glucosidase (EC 3.2.1.21) in our samples (Fig. 5). These are universal extracellular enzymes that catalyze
hydrolysis of proteins and carbohydrates, considered to be the initial step in degradation of planktonic
organic matter, principally macromolecules*. Both enzymes were consistently present in all samples and were
significantly more abundant in Low PAH sampling sites by 4% (Fig. 5). Although this distribution cannot
be explained by the PAH concentrations to which our study area is exposed, a deleterious effect of PAH on
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enzymatic activity has been reported during incubation of freshwater sediment exposed to extremely high PAH
concentrations of 300,000 ng PAH gdw~!%.

One caveat of the present approach is that potential function (i.e., enzymes) is based on alignment of reads
against reference genomes of bacteria. The approach provides no evidence of enhancement of enzymatic activity
(for instance the half saturation constant, Km) associated with the increased potential abundance of anaerobic
enzymes - relative to those for aerobic degradation of PAH - that is coincident with the oxygenation regime of
surface sediments in the study area’®>!. However, those patterns are likely a weighted average of the influence of
all biogeochemical and geophysical conditions on the bacterial community of surface sediments.

This study evidences a widespread potential for PAH degradation in surface marine sediments distributed
across the whole study area regardless of PAH content and composition. The hydrocarbonoclastic bacteria
detected were both anaerobic and aerobic, and we expect changes in their abundance to occur throughout the year
based on seasonal dynamics of oxygenation within these coastal sediments*®. These environmental constraints,
along with interactions of HCB within consortia of sedimentary microorganisms®>, are two key aspects that
could provide critical information for elucidating potential strategies for bioremediation of contaminated
coastal sediments. Caution should be applied however, as the stored degradation capacity may only result
from long term chronic pollution and may not represent a straightforward mechanism for biodegradation of
anthropogenic chemicals. In fact, future studies in the area should also include heavy metals and other persistent
organic pollutants, as well as comparison of these results with pristine areas.

Conclusions

We found that the study area exhibits levels of PAH contamination comparable to other industrialized coastal
regions globally. Additionally, our results highlight the differential accumulation of PAH compounds based
on their molecular weight, with high MW-PAH predominating in sites with elevated PAH contents, whereas
low PAH sediments appear to represent background contamination by PAH. A widespread potential for PAH
degradation was detected in the study area. Despite lower PAH contents, sites with background contamination
still harboured significant populations of known PAH degraders, thus providing a study site to test whether there
is microbial adaptation to chronic pollution. Certain taxa showed significant associations with concentrations
of PAH, indicating their potential role as markers of hydrocarbon pollution in coastal sediments. Detection
of predicted enzymes associated with PAH degradation - in almost all our samples — underscores the long-
term impact of historical PAH emissions on microbial metabolic pathways in this region. Overall, anaerobic
metabolism of PAH appears to be favored because predicted levels of oxidoreductases and oxygenases were
slightly lower than dehydrogenases, methyltransferases and lyases. This concurs with the known oxygenation
regime of the water column and high local carbon sedimentation rates that lead to anoxic sediments.

Online methods

Study area and sampling strategy

The study area encompasses a geographical area of approximately 770 km? located in the seasonal upwelling
system off Concepcidn, Central Chile (36°31.759’S, 72°56.967°W, Fig. S1). Here, the continental shelfis intersected
by two submarine canyons of the Biobio and Itata rivers (Fig. S1) with the area subject to seasonal upwelling
that promotes high primary production rates (ca. 10 g C m™2 d™')*%. Sampling was conducted during austral
spring (September 2021) on board the research vessel Kay Kay II (Department of Oceanography, University of
Concepcion) from which 31 surface sediment samples were collected at depths ranging from 10 to 90 m (Fig.
S1). Sediments were collected with a Van Veen grab, with a sample of the top centimeter removed on board and
then stored in the dark at 4 °C in acid-cleaned 50 mL glass centrifuge tubes. Once in the laboratory, tubes were
frozen at —80 °C prior to analyses.

Characterization of sediment organic matter

Organic carbon, nitrogen, and C and N stable isotope composition were analyzed in the Laboratory of
Biogeochemistry and Applied Stable Isotopes (LABASI) of the Pontificia Universidad Catélica de Chile using a
Thermo Delta Advantage Isotope Ratio Mass Spectrometer coupled with Elemental Flash Analyzer (EA2000).
Carbon stable isotopic ratios are reported in the 8 notation with respect to Pee Dee Belemnite (§'*C= [(Rsample/
RSE dara)-11, where Ris *C/'2C). Nitrogen stable isotopic ratios are reported in the § notation with respect to air
6 NE (R mpte/ Regandara) 11> where R is ’N/YN). Typical precision of these analyses was 0.2%.

Sedimentary proteins were determined as Total Hydrolysable Amino Acids (THAA) following Pantoja and
Lee® from ca. 200 mg subsamples of freeze-dried sediment. Briefly, after hydrolysis (6 M hydrochloric acid at
150 °C for 90 min under N, gas), the supernatant was removed and neutralized with 6 M potassium hydroxide.
Identification and quantification of amino acids was conducted using high-performance liquid chromatography
(Shimadzu Nexera) following precolumn derivatization with o-phthaldialdehyde and 2-mercaptoethanol and
detection by fluorescence®. Fourteen amino acids were identified and quantified: Aspartic acid, glutamic acid,
serine, histidine, glycine, threonine, arginine, alanine, tyrosine, methionine, valine, phenylalanine, isoleucine,
and leucine.

Determination of Polycyclic aromatic hydrocarbons (PAH)

Two-gram samples of freeze-dried and homogenized sediment were vortexed with acetone for 10 min and
allowed to extract in an ultrasonic bath (40 kHz, 550 W) for 30 min . Samples were then centrifuged (2500 rpm,
5 min) and 1 mL of supernatant filtered (PTFE 13 mm diameter filter, 0.22 pm pore size) and injected into
the HPLC (Shimadzu Nexera X2) with fluorescence detection set at three excitation and emission wavelengths
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(Table S2). A silica 18-C reverse phase column (Shim-pack XR-ODS III, 2.0 mm X 200 mm) was maintained at
35 °C with acetonitrile (HPLC grade) and ultrapure Milli-Q water used as mobile phase in a gradient program.

Calibration curves were constructed using a series of standard solutions (Sigma Aldrich) dissolved in acetone
at concentrations ranging from 1.25 pg L7! to 20 pg L. Blank samples of acetone and standard solutions were
injected at the beginning and end of each batch.

To infer the origin of PAH compounds, we calculated the ANT/178, BAA/228, IP/276 and the FLU/202
ratios®. These indices relate the content of two thermodynamically similar PAH compounds based on respective
molecular weights (Ant and Phe; BAA and Chr; IP and BghiP; Flu and Pyr, respectively) to determine whether
sources could be of pyrolytic or petrogenic origin. Ranges of values for each index are shown in Table S3.

16S rDNA amplicon sequencing

To characterize the microbial community and composition within sampled sediments, DNA extraction was
performed using a Soil DNA isolation kit (QIAGEN PowerSoil DNA Kit). DNA concentration was measured using
a Nanodrop spectrophotometer and expressed as pg nL'!. Amplicon sequencing of 16S rDNA subunits v4 and v5
(primers: 515FB, 936R) were performed in Illumina MiSeq (2 X 300 PE) at the Integrated Microbiome Resource
(IMR) facility using primers: 515FB and 926R>7>8. Raw sequences were demultiplexed at the sequencing facility.
Quality checks, trimming, chimaeras removal, read merging and taxonomy assignment (using SILVA nr99
v138.1 database) were performed using the DADA2 package in R*’. Redundant fasta files were then generated
using “deunique_dada2.py” phyton script (https://github.com/bowmanlab/seq_data_scripts) and used as input
for the PAthway PRediction by phylogenetIC plAcement (PAPRICA) workflow® to predict potential enzymes
present in the samples. Briefly, this method aligns 16S rRNA gene reads against phylogenetic trees from all
complete bacterial and archaeal genomes present in GenBank®®! since potential enzymes in reference genomes
are known. Relative abundances of amplicon sequence variants (ASV) and potential enzymes were calculated
after Hellinger transformation using the Vegan package in R. Sequences obtained in the present study were
deposited in the European Molecular Biology Laboratory under project accession number PRJEB57258.

The detection of hydrocarbonoclastic genera followed the method of Martinez-Varela et al.*2. Briefly, a list
was compiled of hydrocarbonoclastic bacteria from the available literature*>¢2%3 including: (i) genera identified
in environments polluted by hydrocarbons from oil spills, (ii) genera observed to have growth stimulated by
hydrocarbon exposure and (iii) genera observed to display hydrocarbon catabolic activity. ASVs were filtered
at the genus level and genera selected that match with the hydrocarbonoclastic list. A non-parametric U-Mann
Whitney test was performed to compare and differentiate hydrocarbonoclastic genera between sedimentary
categories.

Relative abundance of enzymes potentially associated with PAH degradation derived from the PAPRICA
pipeline was calculated as a relative anomaly between High and Low PAH sites as follows:

(mrel _ec_i_ High —mrel_ec_i_Low)

(mrel_ec_i_ High+ mrel_ec_i_Low)

where mrel_ec_i_High represents the mean relative abundance of i-enzyme from High PAH sites, while mrel_
ec_i_Low is the mean of the relative abundance of i-enzyme at the Low PAH sites. Thus, a positive anomaly
represents greater abundance in High PAH sites, while a negative anomaly indicates that the enzyme is more
prevalent in Low PAH sites. These anomalies were compared statistically between sedimentary categories using
a Non-parametric U-Mann Whitney test.

Statistical analyses

Statistical analyses were performed using Vegan® and custom R scripts (R package version 4.2.1). A Principal
Component Analysis (PCA) of the relative content of each PAH at each sampling site resulted in grouping of
two categories of samples. The sedimentary organic matter content (C-org, %N), protein content measured as
THAA, C to N molar ratio (C/N), 813C, §'°N, and ZPAH content were superimposed on the PCA described
before. PCA was conducted using the pcrcomp tool in R, after standardization using decostand from the Vegan
package for R.

In order to identify whether microbial assemblages differed significantly between the High and Low PAH
samples, a Non-metric MultiDimensional Scaling (NMDS) analysis was conducted by grouping the samples into
these two categories and calculating Bray-Curtis distances, using the Vegan package. Briefly, this NMDS analysis
attempts to represent the pairwise dissimilarity between samples in a low-dimensional space®. Environmental
adjustment to the NMDS was performed using the envfit function in the Vegan package. Significance of
differences were evaluated through Analysis of Similarities (ANOSIM). To explore relationships between
potential predicted enzymes and PAH content, a Correspondence Analysis was performed for all predicted
enzymes using the ca function in R%.

Correlation between identified genera and PC1

Taxonomic assignment at the level of genera from ASV were correlated with the scores of PC1 (Fig. 2A), which
represents segregation of High and Low-PAH sampling sites. Significance of correlations was evaluated using
a t-test from the cor.test function in R. Only significant correlations (p value <0.05) between genera and PC1
were considered.
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Data availability
Sequence data that support the findings of this study have been deposited in the European Molecular Biology
Laboratory under project accession number PRJEB57258. Geochemical data is provided within the supplemen-
tary information files.
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